PRS- W~ 1O

ADA 039754

AFML-TR-76-153 /

THE MECHANISMS OF ELEVATED TEMPERATURE PROPERTY

LOSSES IN HIGH PERFORMANCE STRUCTURAL EPOXY
\RESIN MATRIX MATERIALS AFTER EXPOSURES TO HIGH

'HUMIDITY ENVIRONMENTS

COMPOSITE AND FIBROUS MATERIALS BRANCH
NONMETALLIC MATERIALS DIVISION

MARCH 1977 ™ D)

A e
'- RS-
TECHNICAL REPORT AFML.-TR-7¢-168 W4 MAY 28 9
FINAL REPORT FOR PERIOD JUNE 1974 - JULY 1976 /] T

Approvad for public release; distribution unlimited

AIR FORCE MATERIALS LABORATORY . .
AIR FORCE WRIGHT AERONAUTICAL LABORATORIES
AIR FORCE 8YSTEMS COMMAND

. WRIGHT-PATTERSON AIll FORCE BASE, OHIO 48433




1
; NOTICE
i

A when Covernment drawings, specifications, or other data are used for any purpose
| other than in connection with a definitely related Government procurement operation,
the Urited States Covernment theraby dncurs no responsibility nor eny obligation
whatsoever; and the fact that the government may have formulated, furnished, or in
any way aupplied the said drawings, specifications, or other data, i not to be
regarded by implication or otherwlse as in any manner licensing the holder or any
other person or corporation, or conveying any rights or permission to manufacture,
use, or sell any patented invention that may in any way be related therato.

This report has been reviewed by the Information Office (10) and is releasable to
the National Technical Information Service (NTIS), At NTIS, it will be available to
the gereral public, including foreign nations." :

This technical repart has been reviewed and is approved for publication,

Project Monitor
" FOR THE COMMANDER

[] . A . 1’f
; . Composite and Fibrous Materdals Branch
Nonmetallic Materials Division

Copies of this report should not be returned unless return iz uired securit
conadderations, ocontractual obligations, or notice on a lm.iﬂorzcmnc?y Y

‘MH PONK » ¥ MAY 17 « 179




o

- e ot N it e ST i R e

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)

REPORT DOCUMENTATION PAGE nEp AP INSTRUCTIONS
AFML TR 76-153

2. GOVT ACCESSION NO. ) IPIENT!'S CATALQG NUMHER
A L wrddtl e B e e W /
..‘..At-.-. rar TR Up—

V—Tﬁm*w— EROp COVERED
HE MECHANISMS OF ELEVATED TEMPERATURE ROPLRTYL-( Te(.hnicalfﬁy'rrd[

[LOSSES IN_HIGH P ER'FORMANCEéTRUCTURAL 0XY RESIN § Rdun 74-Ju 2
" NUMBER

TRIX RIACS AFTER EXPOSURES TO H HIGH HUMIDITY
ENVIRO ENTS.
. 8, CONTRACT OR GHANT NUMBER[®) '~

J()|chartes Edwar‘/g/Brownin?‘m; Q7':7 7 5]

9. PERFORMING ORCANIZATION NAME AND ADDRESS

i g | 0 RROGRAM M ELEMENT. PROJECT, TASK
: Air Force Materials Laboratory X UNIT humeERs

s Air Foree Systoms Command /6 /34%}&\!

e Wright-Patterson Air Force Base, Ohio 45433

V1. CONTROLLING OFFICE NAME AND ADDRESS

Air Force Materials Laboratory /\ Mam wi
, i Nonmetallic Materials Division el )4 e g GO
; Composite & Fibrous Materials Branch 187
! YT DOREES(IT dilferent from Contralling (lice) | 18 SECURITY CLABE, fof thia report)

Unclassified

FICATION BoWNERABING ™

| SV
16, DISTRIBUTION STATEMENT (of this Repart)

Approved for public release; distribution unlimited.

Ill 17. DISTRIBUTION STATEMENT (af the ahatract eniared in Block 20, it diftarent from Repaort)

i
“' 1. SUPPLEMENTARY NOTES
; i
i
]5. ,:,l-{:\a 19. KEY WORDS (Coniinus on revarse aids 11 necnaaary and Identily by hloek number)
b Moisture High Humidity Exposures
1 b Creep Glass Transition Effects
! P Epoxy Resin Matrix Materials
i J High Performance Composites
b! i ;:,l 20. ABSTRACT (Corttinue on raveras aide (I necessary and identity by hlock number)
o i The objective of this research program was the determination of the mechanisms
~ i by which epoxy resins utilized in high performance composites and adhesives

exhibit Tosses in their elevated temperature proverties as a result of exposure
to a humid environment,

The study specifically considered an epoxy resin formulation that is character-
istic of a variety of composite :nd adhesive systems. The moisture absorption
land d17fusion characteristics of this resin system were first 1nvest1gated\

DD ,"5%%s 1473  woimion oF fnov 68 18 onsoLETE UNCLASSIFIED N

SECURITY CLASSIFICATION GF THIS PAGE (When Data Enter

o)

.....




T

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Date Knterad)

20, Abstract (Contd)

as a function of simple humidity environments and simulated real-1ife environ-
ments which included thermal spikes. In addition, the effect of absorbed
moisture on the resin system's glass transition temperature, P&) was determined

as a function of both simple humidity and real-11fe exposures. This was
followed by a study into the.tensile and creep behavior of the epoxy resin as a
function of absorbed moisture, A variety of experimental techniques were
utilized to accomplish these studies: constant strain rate and dynamic tensile
measurements, infrared spectroscopy, heat distortion tests, bomb creep tests,
scanning electron microscopy, polarized-light photomicroscopy, and ESCA.

The results established that moisture plasticized this particular epoxy resin,
causing a lowering of the Tg which in turn affected mechanical response, such as

by shifting the relaxation moduli to shorter times. This phenomenon is
described and quantified in terms nf an existing free volume theory relationship,
Weight-gains greater than equilibrium amounts were observed without accompanying
Tg changes which is dttributed to moisture entrappment during microcracking in

the resin,

Cree? studies perfornied underwater at 300°F established an addition mechanism
for loss of elavated temperature properties. This loss is characterized by the
appearance and growth of cracks in the material, The observed failure processes
are described in terms of an existing theory for rupture of cross-1inked
rubbers. The process is governed by the synergistic effecte of moisture,
temperature, and stress., Moisture changes the viscoelastic response of the
material so that stress-induced crack formation and growth 1s facilitated,

Also, 1t 1s inferred from the creep studies that no significant, chemically-
induced chain scission 1s taking place; however, very localized chemical chain
scission at such areas as crack tips cannot be completely ruled out.

UNCLASSIFIED

SECURITY CLASBIFICATION OF THIS PAGE(When Data Entarey)




AFML-TR-76-153

FOREWORD

This report was prepared by Charles Edward Browning, Composite and
Fibrous Materials Branch, Nonmetallic Materials Division, and was
inftiated under Project Number 7340, "Nonmetallic and Composite Materials",
Task Number 734003, “Structural Plastics and Composites." The work was
administored by the Alr Force Materjals Laboratory, Air Farce Wright

Aeronautical Laboratories, Air Force Systems Command, Wri,ht-Patterson
Alr Force Base, Ohio 45433,

This repurt covers work conducted during the period of June 1974
through July 1976. The report was released by the author in July 1976.
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SECTION I
INTRODUCTION

Structural composite materials derived from epoxy resins and fibrous
reinforcements such as fiberglass, graphite, and boron filaments have
found aver increasing importance in the field of commercial and military

afrcraft and space systems. This trend will undoubtedly continue with
major interest concentrated on composites of graphite and boron. To
derive the maximum benefit from these high performance reinforcements the
resin matrices utiljzed must retain a high percentage of their initial
physical properties under a wide range of temperature and humidity
conditions. In the case of epoxy resins 1t has been shown (References 1 -
4) that their elevated temperature properties are adversely affected by
high humidity to a degree that 1imits their ultimate potential.

The objective of this research program was to study the loss in
619Vqtad'tompcratufo mechanical properties exhibited by high performance
composite matrix materials after exposure to high humidity environments
and to examine associated pertinent phenomena. This study specifically
included an epoxy resin that {s common to a variety of composite and
adhesive systems,

The epoxies, as a class of polymers, are one of the most important
comnarcial engineering plastics, being used as matrix resins, adhesives,
protective coatings, etc, They are playing a critical role in the ever
.increasing use of adhesives and high performence composites in current
and future aerospace programs, The current 1imitation of epoxy resins
{s their substantial loss in elevated temperature (300-350°F) mechanical
properties (tensile strength and modulus, flexural strength and modulus,
etc.) a8 a result of moisture absorbed from high humidity environments.
This property degradation was recently discovered (References 1-4) and
has become increasingly important as high performance structural
composites and adhesives are being applied in more critical applications
to currant and future aircraft. Historically, composite hardware has
been so drastically overdesigned that this property loss would
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probably not be a major concern., However, now that composites are being
applied to primary aircraft structures, it would be very desirable to
design the composites closer to their application requirements, resulting
in a lighter structure and reduced materials and fabrication costs.

This necessitates that the behavior of the composite materials, in
particular the resin matrices, be wel) characterized with respect to
their environmental responses and that they suffer no unpredictable loss
of mechanical properties due to moisture and other environmental factors.

Several mechanisms have been postulated for the humidity related
property losses shown by the epoxies (References 1, 3, 5). These
included plasticization and chemical reactions such as chain scission
Teading to degradation. Plasticization needed to be validated, and the
presence and extent of the other possibilities needed to be delineated,
It should be noted that additional problems can arise in epoxy composites
due to the presence of fibers. Included here would be fiber loading,
fiber orientations (loading mode), wicking effects, interfacial adhesive
problems, etc. It is essential, however, that the neat (pure) resin
matrix materials be dealt with first in order to differentiate between
composite structure engineering problems and the matrix materials
related problems.

In the normal course of composite development, the candidate resins
are characterized neat (without fibers or fillers) and until recently
no allowance has been made for appropriate environmental expusures. The
delineation of environmental effects (high humidity and high temperature,
principally) and how they accur are generally not well understood. The
cbjective of the research program described herein was to investigate
the effacts of environments on one particular epoxy composite matrix
rasin,
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SECTION II
HISTORICAL

The deleterious effects of moisture on the elevated temperature
properties of graphite fiber reinforced composites was first observed
by investigators at General Dynamics and Fiberite Corporations in
1970 (Reference 6). In the course of a joint graphite/epoxy prepreg
fabrication and evaluation program, it was found that composite specimens
which had been inadvertently exposed to high humidity for several days
prior to acceptance testing, lost a significant amount of their high
temperature properties. Subsequent to this discovery, several workers
(References 1-4) documented the effect of absorbed moisture on epoxy
composite properties. Principal emphasis was placed on graphite/epoxy
composites with very minimal efforts being directed toward the neat
resin matrix. Most of these efforts centered about the evaluation of
the effect of moisture on typical engineering properties with essentially
no effort applied to the mechanisms of the phenomenon,

Concern about the environmental durability of epoxy resin systems
has existed for many years. Some of the earliest investigations in the
late 1950's were concerned with deleterious effects of humid, tropical
environments on adhesive bonded metal lap joints (Reference 7).
Subsequent to this, fiberglass/epoxy composites were examined as to any
adverse effects of high relative humidity. With this type of work being
performed over the last 20 years on the effects of humidity on epoxy
systems, it 1s reasonable to ask why the epoxy-moisture phenomenon was
not addressed much earlier. The reason simply was that in the earlier
time period the vast majority of applications for epoxy structures were
for ambient to low temperatures, and 1t is not until tests are conducted
at elevated temperatures, near the glass transition temperature of the
resin, that the effect of absorbed moisture becomes clearly evident.

With the advent of graphite and boron fibers, more stringent
demands were placed on the resin matrix material, 1In order to effectively
utilize the high strength and modulus of the reinforcement, the resin
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matrix must have good adhesion to the fiber, high strength and stiffness,
and furthermore, must maintain these properties ‘o relatively high
temperatures, It was during the elevated temprrature testing, following
exposure to high humidity environments, that the epoxy-moisture
phenomenon became clearly evident.

1. MOISTURE ABSORPTION AND TRANSMISSION IN EPOXIES

The absorption of water by epoxy resins and epoxy resin composites
can 1n large part be attributed to the moisture affinity of specific
functional groups of a highly polar nature in the cured resin. This is
{1lustrated in Figure 1 and Table 1 (Reference 8). The three most
important polar functional groups present in the epoxies and their
respective associations with water are: (1) hydroxyl groups formed
when curing agents add across the epoxide groups;

H H
N
1 W H O H
“\ACH, - € =CH +H,0—3> ~~CH, - L ~ CH, ~r
(] ' L
H

Hydroxyl Group/Hzo Association

(2) phenolic ether groups(- C:H2 - o-@-)which are present in all

bisphennl A or novolac based epoxies;

Ether/Hzo Association
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TABLE 1

WATER ABSORPTION AND OXYGEN CONTENT OF
METAPHENYLENEDIAMINE CURED EPOXY CASTINGS (Reference 8)

|
; : . Water Absorption
! Oxygen Conten at Room Tewmp.
| Mo, Reain Ouring Agent, | “of casting, | gt Guin After
‘ : P v (c.md 28 Day Soak in
. Die o4 Hg
tilled Hal
l
, : 1 |olyeidyl glycidete | CL, ) 37.5 32,0 13.0
‘; | 2 |EFON X-22 oL, 15.6 16.3 0.97
1 (Pure EPON 823)
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and (3) amino groups from amine curing agents
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Amino/Hao Association

Other polar species such as sulfone groups present in many curing agents
or organometallic catalysts could also exhibit a high affinit: for
moisture.

Not only 1s hydrogen bonding important in the water absorption
procass, 1t 1s also important in providing high streangth to resins and
composites since hydrogen groups on the polymer chain can form hydrogen
bonds to groups on other polymer chains. Bond strengths attributed to
hydrogen bonding such as those il1lustrated are on the order of
4 - 9 kcal/mole (Reference 9), which may be compared to Van der Waals
forces which are on the order of only 1 - 2 kcal/mole (Reference 9).
Therefore, based on bond strengths, epoxy resins are approximately two to
three times stronger than they would be {f the polymer molecules were
held together solely by Van der Waals forces,

The absorption and transmission of water molecules in a plastic
material can be represented by Fick's law diffusion models. Recent
studies (References 3, 10, 11) have applied Fick's second law to the
study of epoxy rasins and epoxy resin based composites. The general
diffusion equation for one-dimensional diffusion, Fick's second law, is
as follows:

2
pe ., pRe (1)
ot axz
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u

where: ¢ = concentration

t = time

>
| ]

distance
disfusion coefficient

o
| 3

van Amerongen (Reference 12) has summarized the solutions of this
differential equation which have been developed for various conditions.
For the simple case of a flat sheet absorbing a vapor from a constant
environment at 1ts two faces, the amount of penetrant absorbed as a
function of time is

1/2
o A (B
F ‘.(") (2)

where:
% = thickness of plate

F = fraction of’equ111br1um amount absorbed in time, t

_Equation 2 can then be rearranged to give

2.2
D = g 3

from which the diffusion coefficient can be obtained. The most appro-
priate way to determine D 15 to utilize Equation 2 and make a plot of F
varsus t1/2 which gives a straight 1ine of slope, s, given by

- -}-m/m”z (4)

Rearranging Equation 4 gives the following:

2 2
n--ﬂ-l-%— (5)

from which D, the diffusion coefficient, can be obtained,
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In the experimental process, the equilibrium ad%orption value s
found by exposing finely powdered resin samples to a high humidity
environment until a constant weight-gain is achieved. Moisture absorption
values are then measured on cast resin plates. These values togrther
with the equilibrium value give the experimental absorption fractions,
the F values, which are then plotted versus the square root of time,

Diffusivities of 4,77 x 10°% and 11.3 x 108 cm /'sec were dntermined
(Raference 3) for two different "state-of-the-art" epoxy resin systems
using the aforementioned procedure where, in each case, the data were
found to be accurately described by stratght lines (Figure 2). These
values are of the same magnitude as values previously reported in the
1iterature (References 13, 14) for the diffusion of water in epoxy.

These values of the water diffusion coefficients were then used in
a computer program (Hercules Incarporated's 1-D Mult{component Diffusion
Computer Program No. 61014) to determine the water concentration profiles
through 1-cm-thick cast epoxy plates (Figures 3 and 4). The computer
program uses the Crank-Nicolson finite difference method to solve Fick's
second law of diffusion, Examination of Figures 3 and 4 {l1lustrates
that the rate of diffusion of water through the resin materials is
relatively slow, Resin A requires four years and Resin B two years
for the center of a 1 ¢m plate to reach the equilibrium level of absorbed
water in a 75% RH, RT environment. The curves also predict that after
only four weeks exposure, a steep concentration gradient exists with
essentially all of the absorbed water concentrated in the outer 0,2 cn
of the specimens.

[t should be noted that the diffusivity value will be dapendent on
the chemical structure of the particular resin system (i.e., the base
epoxy resin structure, specific curing agent, catalysts, accelerators,
etc.) as well as its fabrication history. '

The aforementioned diffusion study was subsequently extended to
epoxy composites reinforcad with both graphite fibers (Reference 1)
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and boron filaments (Keference 11). In each case Fickian behavior
identical to that of the neat resins, excluding volume effects, was
found. Straight-1ine plots of F vs. 1;”2 were found, as were similar
water concentration profile vs, thickness plots. This is highiy
{ndicative of the importance of understanding the matrix material's
behavior, since an understanding of -its behavior would allow one to
predict the composite s bchavior.

Subsequont studios (Reference 10) 1nto the d1ffusion of water into
upoxy/graphite composites found that at very high values of ¥, the
mo1stuPo content vs. t'/€ curves asymptotically approach the equilibrium
moistuﬁo contonts (Flgure 5)instead of remaining 1inear. Apparently
,,\pravioqs uoﬁkers were qperating at rulatively 1owc“ values of F (lower
mois;urq contqnts) whnﬁe the curves of F vs. t1/2 are 11near.

%0 adoquate?y descr#be this asymptot1c behavfor of F. A curve -
Htting. farm of Equation‘z was emp1r1ca1ly arrived at (Reference 10):

R el o
- 4 (Dt
- TANHJ(") . | (6)

Ty

'As time approaches infinity, the hyperbolic tangeht forces the value of F
to approach 1.0. The ability of this equation to adejuately describe
‘the moisture pick-up process in neat resins has never been investigated.

In this same study (Reference 10), it was found that the equilibrium
' amount of absorbed moisture 1s directly proportional to the relative
humidity or water vapor concentration (Figure 6). This dependence of
equitibrium moisture content on relative humidity and independence with
respect to tewperature was further illustratad in Figure 7 for 75% RH

and 100% RH exposures at different temperatures,

Thase same workers exteanded thafir study to include the moisture
absorption process in graphite/epuxy composites as a function of
real-1ife service environments. The exposure cycle shown in Figure 8
was developed by Genaral NDynamics (Reference 10} and is considered.
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Figure 6. Moisture Absorption in a 4-Pl,\; Graphite/Epoxy Laminate at
120°F (Reference 10)
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© FLORIDA RUNWAY CONDITIONS (75% R.H. AT 759F), 7 DAYS PER WEEK

® MONDAY AND THURSDAY

¥ Rain (3-112 Hours Each Day)
¥ Subsonic Fiight (-¢5% for 90 Minutes)

¢ TUESDAY AND FRIDAY

¥ Raln (3-1/2 Hours Each Oay)
Y Subsonic Flight (-15% for 45 Minutes)

¥ Supersonic Dash | (Spike to 300°F)
m-

e ﬂ) W25
1)

' ""‘u“‘"l:.'sua'.u

TIME (MINUTES)

Figure 8, A "Real«Life" Environmental Exposure Cycle (Reference 10)

to be an environment that 1s quite representative of a typical flight
profile for & suparsonic aircraft. The results of absorption studies

on 8-ply 1aminates are shown in Figure 9 with real-1ife data plotted
along with humidity only results, 1t is apparent that the real-~iife
environment has caused an acceleration of the moisture tbsorption rate
and raised the absorption lavel to values higher than equilibrium

values for humidity only conditions, It was subsequently found that the
ona variable that led to this type of behavior was the suparsonic heating
spike (Reference 10).

The real-11fe environment was not applied to neat recin specimens
to examine matrix behavior. Further, the mechanism by which the heat
spike causes the increase in the weight-gain process was not investigated.
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Figure 9. Comparison of Real-Life and Simple Humidity Absorption
Behavior (Reference 10)

The most recent study (Refarance 15) into the diffusion of moisture
into graphite/epoxy composites utilized the series solution of Equation 1,
previously described in Van Amerongen (Reference 12), to determine the
percent moisture content, M, of the material as a function of time, t.
It was found that the value of M {is given by

M~ O(Mm'Mi)+Ml (7

where M1 1s the initial moisture content, Mm is the equilibrium moisture
content, and G is a time dependent parameter given by:

2 2f/Dt } l
» .xp[-(z,j-l-l) " (-—-z-
o-l--%-z 4 (8)

o = (@4 +1)?
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Equation 8 can be approximated by

0.75
Dt ) (9)

o.l-ﬂxp "7'3-‘-—‘2—'
44

This treatment yields curves equivalent to those shown in Figure 5
for M vs. tV/2,

This particular treatment of Fick's Second Law was never extended
to the resin matrix material.

As a final note to this background discussion of prior diffusion
studies, it is worthwhile to point out that all of these treatments
have the one common featura of determining the value of the diffusion
coefficient from the Yinear portion of the F vs. ¢ 2 curve. In essence
then, if one s applying a finite-element analysis to the absorption
process in order to determine moisture concentration profiles, it makes
no difference which technique 1s used.

2. MOISTURE EFFECTS ON THE PHYSICAL/MECHANICAL PROPERTIES OF
EXPOXIES

It 1s important to reamphasize that the problem under consideration
is the loss in elevatod temperature mechanical properties exhibited
by epoxy resins and composites after the absorption of moisture from
high humidity exposures. Prior to considering potential mechanisms
by which moisture may cause a 10ss in mechanical properties, cons{der
the resin in a "dry", unexposed condition. In the absence of water, the
only environmental condition of any importance is temperature (excluding
chemical degradation such as oxidation).

The discussion then comes down to what possible processes exist by
which stresses may be relieved in the polymer due to temperature, In
general, there ars five basic typec of relaxation processes possible in
a polymer system (Reference 16), and these are illustrated in Figure 10.

19
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Figure 10, Types of Relaxation Unit Processes Which a Polymer Sample
May Undergo (Refarence 16)
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Processes "C", "D", and "E" can be eliminated since the resins we are
concerned with are amorphous, not crystalline (Reference 17). Also, since
these resins are cured and pust-cured at temperatures several degrees
higher than their use temperatures, process "A" should not be important
here. Likewise, as long as these polymeric materials are used at
temperaturas sufficiently below their glass transition temperature, T
(1.e., at temperatures where they retain their structural integrity)
process "B" should not be of concern. In essence then, these materials
should not exhibit any significant property loss under normal use
conditions.

If an epoxy resin containing a certain weight percent water is
considered tc be a polymer plus diluent system, the stress relaxation
processes previously discussed (Figure 10) could be applied. Proce.ses
"¢, "D, and "E" can st11) be eliminated since the material 18 still
amorphous., Then this leaves processes "A" and "B" as the principal
candidates by which stress relaxation may take place. In other words,
the presence of water could result in a weakening of the polymer due to
chain scission at elevated temperatures (process "A"), Similarly, the
presence of water could allow viscous flow or diffusion to take place at
a lowar temperature (Reference 18) (1.e., the material has been plasti-
cized) s0 that the maximum use temperature of the material is lowered by
process "B",

Chemical stress relaxation or chemical creep (process "A") 1is a
machanism that has been observed in several polymers (Reference 19) and
involves the breakage of primary chetiical bonds due to the combined
effect of water, temperature, and stress., It has the characteristic
feature of irreversibility. Stress relaxation due to viscous flow or
diffusion as a result of absorbed motsture (i.e., plasticization) would
hava the characteristic feature of reversibility, that is, the original
properties can be regenerated by removing the plasticizer (Reference 18).
Therefore, 1t 1s appropriate to discuss the physical and mechanical
behavior of epoxy systems in a moisture environment under the categories
of reversible or irreversible processes.

2
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3. REVERSIBLE PROCESSES

Studies of reversible behavior have generally centered about experi-
mental nmeasurements which yielded results that were either a direct or
indirect measurement of the effect of the amount of absorbed moisture on
a resin's or composite's T_, Several techniques have been utilized,

One of the first methods (Reference 20) to be enployed was to measure
the Barcol Hardness of the resin as a function of temperature and water
absorption (Figure 11). Results showed that the hardness at temperature
was lowered as a function of water content and could be restored upon
drying the specimen to its original weight.

B g

s R

Another technique which has become very popular is to measure &
specimen's deflection-temperature behavior under load as a function of
1ts moisture contant (References 2 and 20), These tests yield results
such as thosae shown in Figuras 12 and 13 for different moisture
welight-gains. Analogous to the hardness measurements, there is a
Towaring of the deflection temperature curve due to absorbed moisture,
' and the original deflection temperature curve can be recovered upon
' drying of the specimen,

=

ISR o hles

Epoxy resin T, changes as a function of absorbad moisture have also
been determined us?ng the classical Tg measurement tool, the dilatometer
(Reference 21), wherein the volumetric expansion of the resin is
measured. Typical results are shown in Figure 14 for unaged and
humidity aged specimens, showing the drop in Tg due to moisture
absorption,

Similar changes in resin Tn as A result of absorbed moisture have
been investigated using olher techniques such as thermomachanical
analysis (Reference 10), torsion braid analysis (Reference 22), and a
variety of standard mechanical tests such as flexure, tensile, and shear
measuramants (References 2, 3, 23).

T 2
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Figure 13. HDT Curves for Dry and Humidity Aged Epoxy Specimens

(Reference 20)
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In actuaIity. 211 of these investigators were measur1ng the effects
of the same phenomenon - moisture ‘{nduced plest1cizat1on of the epoxy
resin. Therefore, in a1l cases similar behavior was vbserved - absorbed
moisture lowers the resin T (p1ast1c1zat1on} or Tg governed mechanical
property, and, as would be anticipated, thé‘Tg or mecharical property
was found to be recoverable upon drying of the specimen to its original
weight. The process 1s reversible,

This plasticizat1on or lowering of the resin's T, is fully reflected
in matrix - dominatcd composito properties wheréin. substantial elevated
temperature propertv losses are observed, This behavior has heen well
documented for different types of matrix controlied laminate orientations
and tests (Referances 2, 23) and substantiates the need to understand

the mechanisms by which the resin matrix mater1a1 1s affactod by absorbed

mo1sture.
\!

4. IRREVERSIBLE PROCESSES

Studies of the frreversible degradation of epoxy resins have in the
past been largely liinited to thermally or thermo-oxidatively induced
degradation (Referances 24-26). Irrevarsible hydrolytic degradation
(motisture-induced chemical chain scission) hac not been considered to
be a problum of any great concern in the case of the amine-cured epoxies
under investigation in this research program and of interest to the
asrospace materials community. However, hydrolysis was a well-known
occurrence in anhydride-cured apoxies (Reference 17) wherein moisture
sensitive ester 1inkages are formed as a result of the cure reaction.
With respect to the amina-~cured systeams, pravious efforts, as pointed
out earifer, have been 1imited to the effacts of absorbed moisture
on physical properties such as T_, with nu direct effort applied to the
study of ifrreversible, chemical chain scission mechanisms,

A recently init.ated study (Reference 27) into potential moisture -

induced chemical rwactions is using Fourifer-Transform Infrared
Spactroscopy to detact any evidence of cheinfcal changes occurring

a
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during stress-temperature-humidity exposures. This instrumental
technique is a highly sophisticated spectroscopic method that is capable
of detecting very minute changes in chemical functionality. Results

to date show some minor decreases 1n the functionality associated with
the curing agent. The reason for this has not been established.

In suimary, the information available has shown that the Tg of
epoxy. resins 1s Towered as a result of absorbed moisture and that matrix-
coutroIlod compositq properties are adversnly affected. However, none of
the prev1ous studios considored the specific epoxy resin system fnvastigated
horoin which 1s of paramount 1mportunce to the aerospace materials
yommun1ty.> Furthermore. prcvious work was of a qua11tat1ve nature and _
d1d not attompt to oxp1a1n or quantify the mo1sture absorpt1on and
T changes 1n terms of exist1ng theoretical relationships. In addition,
the influence of a real-life environment on the 1g of epoxy resins has
not baen invastigated, nor were the relationships of T, changes to
changes 1n the other physical/mechanical phenomena such as tensile
moduiis creep rupture, and moisture weight-gain. If epoxy resins are
to be exploited to their fullest potential in primary structure

‘applications as matrix resins and/or adhesives, then a fullar, more

fundamentai understanding.of their response to a humid, high temperature
environment must be obtained.

To achieve thiy understanding, 1t was necessary to determine the
effect of absorbad moisture on the Tg of this particular epoxy resin
system, to quantify this phenomenon in terms of an existing theoretical
relationship, and to extend this investigation to include the effact of
real-11fe environmenta) conditions on the T_. Furthermore, the complete
Jack of any prior work {1lustrated the need for determining 1f other
mechanisms might exist for the moisture-induced elevated temperature
propsrty losses in anoxy resin matrix materials,
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SECTION III
RESEARCH PLAN

. The investigation into the mechanisms of moisturefinduced property
losses in epoxy resins consisted of the following approach. After
selection of the appropr1ate epoxy resin, i1ts moisture absorption and
diffusion character1st1cs would be thoroughly charactarized. These
resu1ts would than be ut111zed to determine the changes in the resin's
T, 35 function of absorbed moisture These T, changes, combined with
knowledge of d1ffus1on behavior, would then be employed to guide the
set-up and {interpretation of subsequent tests such as tensile strength
and modu1us and creup, behavior. 001lect1voly. these data would provide
the 1nformation naoded to determine the mechanisms by which moisture
affects the e]evated temparature propertios of epoxy resins.

To make the results of this research program meaningful, an epoxy
resin was chosen which would evoke the highest {nterest possible from
both the aerospace matorials eng1neer1ng and the polymer science
communities. This resin would be fabricated into suitable test specimens
for performing the rcmainder of the research program, which would consist
of two basic areas: (1) determination of the absorption and diffusion
characteristics of the epoxy resin and (2) determination of the resin's
physical/mechanical response as a function of the absorbed moisture.

The particular epoxy resin investigated had not been examined
previously relative to its moisture absorption and diffusion
characteristics. Therefore, the first part of the program consisted of
selecting an appropriate test specimen geometry, determining rates and
amounts of moisture absorbed, the method of moisture transmission through
the resin, and the geometric distribution of moisture within the epoxy
sample. These objectives were to be investigated as a function of both
simple humidity environments and real-1ife environment. In eysence,
this phase of the program would serve as the foundation to guide and aid
in interpreting the results o' the nexi phase. The results of the
diffusion studies would provide neaded experimental parameters such as

29
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equilibrium weight-gains, times to reach specified weight-gains, the
physical distribution of water in the specimen, and the amount of
specimen swelling,

The first phase of the program would then be followed by physical/
mechanical characterizatic: .s a function of absorbed moisture. The
results of .this second phase would provide the information necessary to
determine the mechanisms of moisture-induced property losses in the
epoxy system. The plan was to first determine the effect of absorbed
moisture on resin T as a function of both simple humidity and real-life
exposures. In the course of this study a plasticization phenomenon
would be delineated and then explained and quantified in terms of
existing, well-established theoretical relationships. Knowledge of
how moisture affects the resin's T_ would be used to guide subsequent
experimental tests (particularly w?th respect to test temperatures) and
to help interpret thair responses.

Several physical/hochanical tests were to be performed such as
constant strain-rate tensile tests, dynamic mechanical tests, and creep,
Relaxation modult from the tensile tests would both verify the plasti-
cizution and quantify the magnitude of its effect on mechanical response.
The creep tests ware to be the principal mechanical test since their
results wou1y determine the existence of irreversible processes and
possibly {identify any unsuspected mechanisms of mo{sture-induced
property losses. The test was to be performed in & controlled
temperature/humidity environment at a temperature above the "wet" T
of the epoxy as determined by the prior Tg studies. Exparimentally,
this would entail monitoring specimen response in a sealed bomb since
the test temperature would excead the boiling point of water,
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SECTION IV
RESULTS AND DISCUSSION

1. MATERIALS SELECTION AND PREPARATION

The epoxy resin studied in this program was chosen on the basis of
its present and future commercial importance, This particular epoxy
resin, system was obtained in a formulated, commercialliy-available
condition and, therafore, is typical of the commercial epoxy resins in
use today in composite materials. Its formulation 1s as follows:

EPOXY RESIN

0 o
2N N
(Hzc L cu—cni)-z- N-O—-CH S‘O"N (cné—- cm——-—-uuz)z

CURING AGENT (32phr)

Hg—@—%—@ ~NH,

o

CATALYST (1phr)

FSB’NMZ'CZHS

where phr refers to parts per hundred parts by weight of epoxy., This
particular type of epoxy resin system is common tr saveral resin systems
used in high performance graphite composite materials and to several
high performance adhesive systems {Reference 28). Because of this,
research into the environmental behavior of this material {s of sub-
stantial interest to the aerospace materfals engineering community,
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The epoxy plates used in the diffusion studies and in tensile testing
were 0.125 in. thick and were prepared by casting the material between
pyrex glass plates with 0.12% in, spacers. A seal around the periphery
of the plates was made using Taflon spaghetti tubing.

Epoxy samples were fabricated by the following scheme. The as-
received resin (which is stored at 0°F) wds allowed to warm to room
temperature. Approximately 200 grams of resin was poured into a large
atuminum dish. This sample 1s then placed in a vacuum oven at room
temperature (RT) under full vacuum and debulked until all volatile
matter was removed as evidenced by the absence of bubble formation.
Approximately 100 grams of this resin was poured via a funnel into the
glass-plate casting mold, The casting mold was then placed in a vasuum
oven at 200°F under full vacuum for two hours, heated to 250°F, and held
under vacuum for 30 minutes, The vacuum was then removed and final
cure allowed to take place at 350°F for 30 minutes. The sample was
allowed to cool overnight to RT.

The plates ware then machined into appropriate test spacimens with
diamond wheel saws and cutting and grinding tools. All specimens were
exanined with a polarizing microscope to ensure that no residual stresses
or cracks were present.

In those instances where thin f1ims (4-6 mils) were required (such
as for IR, creep, and dynamic tensile testing) the above procedure was
followed except that the spacers and seal material in the mold were 3.5
mils thick fluoroglass fabric,

2. ABSORPTION AND DIFFUSION STUDIES

The first phase of the research effort determined the absorption
and diffuston characteristics of epoxy resin samples. The principal
objectives ware to determine the rates and amounts of moisture absorbed,
the method of moisture transmission through the epoxy, and the geometric
distribution of moisture within the epoxy as the absorption/diffusion

R
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process 1s accurring, These objectiver were investigated as a function
of simple temperature/humidity environments and simulated real-lifa
environments involving cyclic exposures.

a. Sample Cunfigurattons

Time-weight change studies were performed on samples whose
dimensions ware &.0 in, x 2.0 in. x 0.125 in. These dimensions were
chosen to obtain maaningful data within a reasonable time period, It is
desirable to use a large surface area plate (relative to 1ts thickness) to
simplify the treatment of the diffusfon process using Fick's Law, and
further, 1t 1s desirable to use 2 thickness that 1s of sufficient size
to permit the determination of moisture and temperature gradient effects
within a reasonable length of time. These criteria are satisfied with
spacimens having the aforementioned dinensions. This was verified
by other workers (References 4, 10, 23) and by the initial results in
this phase of the program. Thin films (3-7 mils in thickness) were also
examined and will he considered in the discussion accordingly.

b, Constant Temperature and Humidity Exposures

As described in Section 11, diffusion of moisture into polymaric
materials can be described by various solutions of Fick's Sacond Law
of diffusion. For one-dimensional diffusion assuming a constant
diffusion coafficient, the genaral diffusinn equation was shown to be
Equation 1:

2
ox

For the simpla case of a flat sheet absorbing a vapor from a constant
environment at 1ta two faces, the amount of penetrant absorbed as a
function of time was shown to be given by Equation 2:

) __}(_%L)uz 2
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which 1s the so-called 1inear solution, whose applicability to this
particular epoxy resin will be described,

Weight-gains vs. time for varying temperature and humidity conditions
are shown in Figures 15 and 16, Figure 15 shows the weight-gain vs.
time for varying temperatures at 100% RH whila Figure 16 shows similar
data for 75% RH, The effects of increasing temperature on the rate of
moisture pick-up can readily be seen, The equilibrium amounts of
moi{sture sbsorption (M“) were taken from the maximum weight-gains found
during the maximum temperature exposure for a given humidity., These
particular weight-gain data are plotted in Figure 17 whears it can be
sean that for 100% RH, M_ 1s 5.6% and for 75% RH, M_ 18 4.2%. A plot of
M, v8. RH (Figure 18) shows that the equilibrium amount is diractly
proportional to the relative humidity, The values of M, were used in
Fick's Law calculations to determing the fraction of equiiibrium
weight-gain, °F,

F » = (10)

where My weight at time 1.

Plots of F vs. t'/2 are shown 1n Figure 19 for 100% RH. As
previous’y discussed, the slopes of these curves were used to solve for
the values of D, the diffusion coefficient (Equation 5). These data are
summarized in Table 2. Using these data & plot of the loy diffusion
coefficient vs., the reciprocal of the absolute temperature ran be made.
The straight-1ine plot obtained (Figure 20) is indicative of the
temparature dependence of the diffusion coafficient heing in accordance
with the theory of activated diffusion where the slope of the 1ina is
[-E/2,303 R] as {n

pep o ERT ()
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Figure 18, Equilibrium Weight-Gain vs. Relative Humidity
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whera D° = constant
” E = activation enorgy forAdiffusion

T = absolute tgmperature

The value of E found 1s also shown in Table 2.

A similar treatment was also given to the data obtained at 75% RH,

 Figure 21 has plots of F vs. t1/2 for different temperatures whose slopes

were used to ca1cu1utc the respactive D's.’ These values of D and the
corraspond1ng absolute tem;  ature were used to prepare a log D vs.

1/7 plot (Figura 22) from which the activation energy for diffusion at

75% RH can be caIculatcd. The 75% RH data 1s summarized in Table 3.

. The diffus1v1tios shown in Tables: 2 and 3 are of tha same magnitude
(1.e., 1079 on /seu) as values found by other workers on various epoxy
systems (Reference 3). ‘

These values of the water diffusion coefficients were then used in
a computer program (Reference 4) to determine the water concentration
profiles through cast mpoxy .plates of varying dimensions. These results,
show in Figures 23-25, show the moisture concentration profiles or
gradients that exist at conditions of 100°F and 100% RH and thicknesses of
0.125 in., 0.26 in, and 0.50 in,, respactively. Similariy, Figures 26-
28 show the gradients thut exist at 75°F and 75% RH for thicknesses
of 0.126 in., 0.25 1n, and 0.50 in., respectively. As can be seen, for
the 0.28-in. plate at 100% RH 1t takes 15 years to reach uniform moisture
concentration through the thickness of the material. Until this equilibrium
is reached, nonuniform stresses exist through the thickness of the
specimen bacause of these moisture gradients. These stresses can lead
to surface cracking and subsequent mechanical property losses under
load. These effects will be specifically discussed 1n subsequent
sections.
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TABLE 2

RESULTS OF LINEAR SOLUTION TO FICK'S LAW
FOR 100% RH EXPOSURES

LINEAR SOLUTION

Fr-}- (l.P_,.rI..‘)'”

T(*F)-| R.H(%) | D(cmt/sec)
00 | 100 7.93 x |0-10
120 100 2.17 % 10-9
140 100 5.58 x 10-?
180 | 100 .39 x 10-9

Ep *!8.4 KCAL/MOLE

TABLE 3

RESULTS OF LINEAR SOLUTION TO FICK'S LAW
FOR 7%% RH EXPOSURES

LINEAR SOLUTION
by
Feg (27

;.LCFJ RH (%) D(cme/sec)

75 75 0.95 X|0-8
I60 75 22.70X 109
180 75 36.30%X10"°

Ea=13.20 KCAL / MOLE
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Similar diffusion coefficients and concentration profiles have been
found for both graphite and boron composites (References 3, 4, 11, 23)
when corrections were made for volune effects, These resuits substantiate
the importance of the resin matrix in the diffusion/absorption process,

In summary, these results show that moisture {s absorbed by epoxies
and transnmitted internally by a mechanism treatable by Fick's Law.
Because of this behavior, concentrition gradientt, and in turn, strass
gradients, exist through the thickness of the material,

Practically speaking, the 1inear solution to Fick's Law will not
provide an accurate picture of the weignt-gain pracess when F reaches
a value of approximately 0.6 because at these values knd higher the
sheet can no longer buw expecied to behave as a seini«infinite plate
(Retererce 12) and consequently F 1s not Tinear with the square root of
time. The problem with the 1inear modal can be seen by considering
Figure 29 whare F 15 plotted against t"z for the condition of 100% NH
and 160°F, At values of F of 0.7 and greater the weight-gain process
becomes nonlinear and asymptotically approaches the value of 1.0,

Jecause of this bahavior a curve fitting mode) (Refercrce 10) was
used which more accurately depicts the weight-gain process at high values
of F. This modal used the hyperbolic tangent of the linear solution

R P
¥ 'IANII[‘ ("/ :l (6)

The hyperbolic tangent function forces the curve to go to a value of one
asymptotically,

The hyperbolic tangent treatment was applied to the same vata

treated with the 1inear nodel for the case of 100% RH. In this case
tha following was dona:

1/2
"\ N -4.'.”- Nm..
r mwu[‘ ( ") ] (6)
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1/2
-1 L 5 ,
TANH " (F) z(n) (12)
2
['rANn" (3‘)] ” "L%'“‘““ ©(13)
L

Therafore, plots were made of [Tl\NH'1 (F)]2 vs. t. The slope, s, of
the plots were used to calculate the values of D from:

- *19311. (14)
"
or
2
D » A (18)

Figures 30 to 33 .uw the results of applying the TANH treatmant to the
100% RH data at the temparatures of 100°F, 120°F, 140°F, and 160°F
respectively, The values of the diffusion coefficients are summarized
in lable 4, Similar to the iinear treatment, a plot of log D vs. 1/T
(Figure 34) was made to yield the activation energy for diffusion shown
in Table 4. The data can be compared to the data obtainad using the
T{near solution (Table 2). As can be seen, there is no signifi.ant
difference betwean the two techniques for the lower temperatures.

Perhaps the most appropriate method for handling the diffusion
prablem 1s the calculation of a 0 using the 1inear model and then
applying the series solution to Fick's Law to predict the ahsorption
procass. The utilization of the series solution has onlyv recently bean
described (Reference 16) and is developed as follows:

Starting with the previously described general diffusion equation:

2
DE L A
At D Mz (1
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TABLE 4

RESULTS OF TANH SOLUTION TO FICK'S LAW
FOR 75% RH EXPOSURES

TANH SOLUTION

F = TANH [-‘-‘- (QL)'"]

e Loowts

£\

LR

% ] T(°F) | R.H.(%) Dicmt/sec)

j 100 100 1,09 x 10-*
; 120 100 2.29 x 109
§ ‘. 140 100 7.10 x |0~*
: | 160 100 1.25 x 10-9

Ep * 5.6 KCAL /MOLE
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Figure 34, Diffusion Coefficient vs. Reciprocal of Absolute Temperature
for 100% RH TANH Treatment
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the following boundary and initial conditions for a plate of thickness, h,
are used:
Cl(x, 0) = C
' ! (16)
C(0,t) = Cth, t) = C.

where C1 is the inftial moisture concentration in the material and C,
is the ambient moisture concentration. Classical separation of variables
in conjunction with Equation 1 and Equation 16 yields the following:

c-c - | 22 "
i 4 ) (24 1) -(2140) %780t
coc, "V izu  TE SN TR °’“’[ 2 _] ()

The total weight of the moisture in the material is given by

h
M f C ax (18)
J .
Integration of Equation 18 gives
M-M o P |-(2Hl)21rz('p‘;'>]
a e 1T 2+

In terms of parcent weight-gain in the material, M, Equation 19 can be
written in the form

M=GM, - M)+M (20)

i
where the M's are as previously described. For most problems of concern
covergence of these series can be obtained with a maximum of ten terms.

This series treatment was applied to the data ohtained for exposure
at 160°F and 100% RH. The predicted values of M versus ./ t using both
the linear and the hyperbolic tangent model are shown in Figure 35 along
with the experimental data. As can be seen, at values of M greater than
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60% of M_ the linear treatment is no longer valid. Both the hyperbolic
tangent and series treatments give predictions very close to the
experimentally measured values.

The most important results to be gained from this study were that
the absorption and diffusion process can be treated using Fick's Second
Law and that good representations of the moisture concentration profiles
or gradients within the epoxy samples can be determined,

¢. Real-Life Environmental Exposuras

A11 of the previous results and discussions were concerned with
constant temperature/humidity environments. In actual usage in a
real-world environment that an aircraft would see, these materials
would be subjected to varying environmental excursions, temperature
in particular. To simulate this, specimens ware subjected to the real-
11fe environmental exposure cycle shown in Figure 8, This environmental
cycle was developed by Genaeral Dynamics (Reference 10) and is considered
to be an environment that 1s representative of a typical flight profile
for a supersonic aircraft, Of particular concern in this cycle 1s the
300°F thermal spike which simulates a supersonic dash mansuver, The
profile in general simulates the aircraft sitting on the runway (75°F/
75% RH and RAIN), flying at high altitudes (~65°F or ~15°F) and then
diving in on a supersonic, low altitude run (temperature to 300°F 1in
3 1/2 minutes).

In the course of this investigation, specimens were also subjected
to the constant temperature/humidity conditions of the real-)ife
environment (75°F/75% RH) and to all other phases of the real-1ife cycle
exceapt for the cold whose effect could be deduced from the results of the
other phases. The results of the exposuras to these conditions (rain/
humidity/thermal spike/cold; rain/humidity/thermal spike; humidity only)
aro shown in Figure 36. It is quite obvious that the thermal spike has
increased both the rate and amount of moisture absorbed.

62




AFML-TR-76-153

SUOLILPpUO)
2.insodx3 3j1}1-1e9Y jo ucLjoung e se uorjdiosqy 3inysio Axedy -gf IunblLjy

(2,SAVa) INIL

Oz € 81 21 ©1 SI ¥#1 €1 21 1O 6 8 £ 9 & ¥ € 2 |
HE | T 1 1 1 1 1 { ] H 13 ] i H 1 H 1 1 ‘
8
N =1
v
v V e
v
o "]
. 8
v s
v
v v v v ”
v v vV w
8 _
®
]
e ®
8
8
8

) t KINO ALIGINOH ©

° DildS g\»b_o_:zz\zg ®

4702 7 S TWRIBHL /ALIGINNH /NIVE ©

ot

02

I~
"

Q
<
(%) NIVO LHOI3M

<
n)

09

63




AFML-TR-76-153

To further study the influence of the thermal-spike on the weight-
gain process, specimens were subjected to the following exposures:

1. Constant temperature/humidity only (160°F/100% RH)

T et e

2, (1.) + 1 datly thermal-spike
3. (1.,) + 4 datly thermal-spikes

SIS

e

=

These results are 11lustrated in Figura 37, It is obvious that the
weight-gains are proportional to tha number of tharmal-spikes
experienced by the specimens., Thesa two figures also show that the
thermal-spike is the single most important factor in this environment

causing increased moisture pick-up.

R
Pt e

IR

d. Absorption Anomalies

Varfous anomalies in the weight-gains as a function of time were

noted during this investiyation. The data shown in Figure 37 for the

, Jong time period exhibit {rragular behavior, Figure 38 shows similar
waight-gain vs, time plots for three different castings with all
specimens being exposed to 160°F/100% RH and ona thermal-spike daily.
Once the weight-gains exceed M_ the data becoma quite irregular with
time. Figure 39 shows waight-gain data for 160°F/100% RH exposures
only (no thermal-spikes), where for the long-termn data points, some
"scatter" {is apparent when M_ (5.6%) is exceeded.

This type of behavior where irregular waight-gains are observed
when the M, values exceed the M_ values, can be attributed to micro-
cracking in the gpecimens. Scanning electron microscopy (SEM) was
performed on specimens which had been givan the exposuras:

1. Constant temperature/humidity only (160°F/100% RH)

! 2, (1.) + 1 daily thermal-spike
3. (1.) + 4 datly thermal-spikes
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The weight-gains for each of these were 5.6%, 6.7%, and 7.4% for
exposures 1., <., and 3, respactively. The SEM photographs of these
specimens are shown on the next several pages,

No cracks wore apparent for type one exposures (160 °F/100% RH,
5.6% watar). However, as shown in Figure 40, some material is being
compressed or forced out of the surface of the specimen by the swelling
forces of the absorbed moisture. Specimens which had been given
Exposure 2 (Expnsure 1, + 1 daily thermal-spike, 6.7% water) exhibited
cracking around these compr.ssed regions (Figure 41). Figure 42, for
this same exposure, shows that substantial numbers of surface cracks are
present. Specimens which had been given Exposure 3 (Exposure 1. + 4
daily thermal-spikes, 7.4% water) exhibited the greatest amount of
surface cracking, Figure 43 shows that the compressed material has given

way completely to cracks., A close-up of this region is seen in Figure 44.

Figure 45 s a general surface view 1llustrating the degree of surface
cracking.

A specimen from Cxposure 3 was fractured by hand and the two
fracture surfaces were mated together for the SEM study. A view of tha
two surfaces is shown in Figure 46 where the crack depth is on the order
of 1.4 cm. Tigure 47 shows a close-up of a crack tip where the presence
of fibrils can be seen at the base of the classic river patterns which
are associated with brittle fracture. These fibrils would be indicative
of the highly plasticized state of the polymar in that the usually
brittle epoxy has undergone sufficient plastic flow during fracture to
yield fibrils, Figure 48 shaws another view of a fracture surfare
around a crack. The striations or river natterns emanating from the
track perimeter are classical brittie fracture behavior (Reference 29).

Further evidence to support the contention that weight-gains
axceeding the equilibrium amount were due to water trapped in microcracks
was obtained through the use of a Quantimet 720 ecuipped with an
Epidiascope. This instrument optically scanrs the surface of a specimen
or a photonicrograph of a specimen and can yield information such as
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Figure 40, SEM of Epoay Specimen after Exposure to 160°F/100% RH -
5.6% Weight-Gain (2000 %)

Figure 41, SEM of Epoxy Specimen after Exposure to 160°F/100% RH/1
Daily Thermnl-Spike - 6.7% Weight-Gain (2000 X)
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Figure 42.

SEM of Epoxy Specimen after Exposure to 160°F/100% RH/1
Daily Thermal~Spike - 6.7% Weight-Gain (600 X)

Figure 43.

SEM of Epoxy Specimen after Exposure to 160°F/1004 RH
Daily Thermal-Spikes - 7.4¢ Weight-Gain (300 X)
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Figure 44, SEM of Epoxy Specimen after Exposure to 160°F/100% RH/4
Daily Thermal-Spikes - 7.4% Weight-Gain (3000 X)
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Figure 45, SEM of Epoxy Specimen after Exposure to 160°F/100% RH/4
Daily Thermal-Spikes - 7,4% Welght-Gain (60 X)
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N (l

} i Flgure 46, SEM of Fracture Surface of Epoxy Specimen after Exposure
to 160°F/100% RH/4 Daily Thermal-Spikes - 7.4%
Weight-Gain (100 X)

Figure 47. SEM of Fracture Surface of Epoxy Specimen after Exposure
to 160°F/100% RH/4 Datly Thermal-Spikes - 7.4%
i Weight-Gain (200 X)
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Figure 48, SEM of Fracture Surface of Epoxy Spacimen after Exposure
to 160°F/100% RH/4 Daily Thermal-Spikes - 7.4%
Weight-Gain (80 X)
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the perimeter or surface area of regions of differing optical contrast.
Because of insufficient contrast with the actual specimens, high
contrast photomicrographs of specimens were used in the Epidiascope
attachment. Figure 49, with the lesser amount of cracks, had an
associated weight-gain of 7.4% while Figure 50 had a weight-gain of 8.3%,
The Quantimet reading on the 7.4% specimen showed surface cracks
accounted for 4% of the surface area while the 8.3% specimen had 19.6%
of 1ts surface covered with cracks. If the shapes of these cracks were
loosely assumed to be rectangular voids then one could crudely estimate
the crack volume by multiplying the surface area by the crack depth.
Using the crack depth of 0.4 cm found in the SEM study, crack volumes
of 0.68 cm3 and 3.34 cm3 were calculated for the 7.4% and B8.3% weight-
gain specimens, respectively, The ratio of these two values shows that
sufficient cracks and fissures are present to account for the additional
amounts of water,

It was also observed during this study that no significant
differences in weight-gains hetween the spiked and nonspiked specimens
are apparent until a weight-gain on the order of 1.5 to 2.0% had been
attained. This can be seen in Figure 37 and by comparing Figures 38
and 39, Uy referring to the Tg versus weight-gain plot in Figure 60,
it can be seen that this 1.5 to 2.0% weight-gain coincides with a lowering
of the resins T_ below the spiking temperature. In other words, once
the plasticized resin's T_ is below the spike temperature there is a
substantial increase in the rate of moisture plck-up iFTgurg 37),

This is possible because the Tower T resin is a "softer" medium for
water to diffuse th:ough and can nore easily deform or undergo viscous
flow to accomodate the water than its higher Tg counterpart. It is also
1ikely that microcracking 1s occurring simultaneously with the Tg

. lowering and also contributing to the increased rate of moisture pick-up.

e. Swelling

Another consequence of the moisture absorption process 1s that the
specimen undergoes swelling to accommodate the water. Figure 51 shows a
plot of specimen thickness increase vs, percent water absorbed.
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'? Figure 49, Photomicrograph of Epoxy Surface after Exposure to
- 160°F/100% RH/4 Daily Thermal-Spikes - 7.4% Weight-Gain
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f Figure 50. Photomicrograph of Epoxy Surface after Exposure to
; 160°F/100% RH/4 Daily Thermal-Spikes - 8.3% Weight-Gain
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For the case of humidity-only exposures (160°F/100% RH) the thickness
increase is linear with absorbed moisture until M {5.6%) is reached.
Above Mm the thickness fncrmase {s greater than linearity which is
believed to be the consequence of crack formation,

Data are also shown in Figure 51 for spacimens which had received
one dajly thermal-spike in addition to constant temperature and humidity
(160°F/100% RH). As previously noted, once the weight-gain reaches
1.5 to 2,0% the spiked specimens show increased moisture weight-gains,

In the same weight-gain range, thermal-spiked specimens also exhibit a
substantially larger rate of thickness increase. These vary large
increases in thickness to lovels significantly higher than those for
humidity only, M_ levels, 1s due to microcracking as previously discussed.
To further illustrate, specimens which had increased in thickness by

4,6% at a weight-gain of B,4% ware dried at 200°F under vacuum to constant
weight, After drying, these specimens sti11 had a residual thickness
increase of 1,75%, which can be attributed to cracks and fissures in the
specimen,

The effects of both the constant temperature/humidity environment
and the thermal-spike environment on various mechanical properties will
be discussed in the next section, To sum up the results of this phase
of the investigation, the following have been determined:

1) The moisture absorption and transmission can be treated
according to Fick's Second Law.

¢) An accurate picture of the moisture concentration profile
within the material can be determined,

3) As a result of the moisture concentration gradients, stress
gradients will be present through the thickness of the material.

4) Real-1life environments dramatically affect the moisture
pick-up process.
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5) The thermal-spike in the real-1ife cycle 1s the most important
factor causing increased moisture pick-up.

6) Weight-gains exceeding the equilibrium amounts can be attributed
to microcracking of the rasin,

7) Increased weight-gains due ta thermal-s;‘king occur when the

Tg of the system is helow the spike temperature,

8) There 1s a concurrant swelling due to moisture absorption.

9) Thermal-spikes accelerate the microcracking and swelling
prccesses.

3. GLASS TRANSITION TEMPERATURE STUDIES
a., Background

The glass transition temperature, Tg. i one of the most important
characteristic parameters of amorphous polymers such as the epoxies,
Below Tg the poiymer behaves 1ike a “"glassy" solid (e.g., high modulus)
and above T_ 1t behaves 1ike a "rubbery" material (e.g., relatively low
modulus), ?n other words, T_ reprasents a taemperature where the polymer
is undergoing a significant, rapid change in physical properties. In
actuality, the T9 occurs over a narrow temparature range of about
10-20"F rather than at a sharp temperature such as might be associated
with the malting of ice,

One method of determining Tg is to examine the relaxation modulus
(Er) behavior of the polymer, The modulus vs, temperature curve shown
in Figure 52 1s typical for a viscoelastic, cross-iinked amorphous
polymer, At lower temperatures, Region (1), the polymer exhibits
mechanical behavior described as "glassy" and {s hard and brittle with
€, being on the order of 1010 dynes/cmz. At highar temperatures, in
Region (2), the transition region, the modulus varies between 1010 and
106 dynos/cmz. The physical properties in Ragion (2) are described
as "leathery". At still higher temperatures, Region (3), the polymer's
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modulus remains constant, about 108 dynes/cmz. This region is termed the
rubbery plateau and the physical properties of tne polymer are
described as "rubbery" in this region,

The Tg 15 obtained from the modulus vs. temperature curves by
extrapolating the linear parts of the glassy region and transition
region moduli as shown in Figure 52, The point of 1nter§hction {s taken
as the Tg.

There are several other methods of determining T_. One method
entails measuring the specific volume, V, of the polymer as a function
of temperature, Such measurements yield plots simllar to tha one shown
in Figure 53. The temperature at which the break in the curve occurs
{s defined as the Tg. Below Tg the free volume (total macroscopic
volume less the molecular volume of the polymer molecules) of the
polymer is relatively small and the polymer segments of the molecules
are only capable of local type motions. Above T_ there is an increase
in the free volume with the result that the polymar molecules are
capable of long~range type motions,

There are several factors which can affect the T_ of a polymer,
but the one of prime interest 1s associated with changes arising from
the absorption of water {nto the cured epoxy structure, It is an
acceptad theory (Reference 18) that at and helow the Tg. 1/40 of the
total volume of the material is free vulume (tota) volume less molecular
volume)., If this is true, then the T9 can be altered by changing the
polymer's free volume at a given temperatuiu, If a polymer were mixed
with a miscible Viquid that contains more free volume than the pure
polymer, then the T will be lowered. In particular, {f it {is further
assumed that the free volumes are additive, then the polymer-diluent
mixture will contain more free volume at a given temperature than would
the polymer alone. As a result, plasticized polymers must be cooled Lo
a Towar temperature in order to reduce their free volume to 1/40 of
the total volume of the polymer-diluent combination. This 1s the process
which 1s proposed € occur when moisture is absorbed into an epoxy resin,
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Based on the above assumptions, Bueche and Kelley (Reference 30)
derived the following expression ¥or the Tg of a plasticized system
(polymer + diluent):

Vv - 1
a, Vp T a1V T
Vo F e (V)

(21)

where,

—
| ]

Tg of the polymer

ng = Tg of the diluent

polymer expansion coefficient

Q
]

di{luent expansion coefficient

-
o

volume fraction of polymer

In terms of the percent weight-gain in the polymur, M,

1
v o= e s (22)
p i+ pp/ py [(0.01) M)

where p_ and pq are the densities of the polymer and diluent, respectively.

P

b. Experimental

Several experimental techniques were considered for performing the
Tq measurements with one of the most important criterion being that those
specimens evaluated after moisture absorption not be "dried-out" by the
tast. For this reason, techniques such as differential scanning
calorimetry (DSC) and thermomechanical analysis [TMA) which use very
small samples were ruled out. The technique which was selected for
making Tg measurements was the heat distortion temperature (HDT) test.

This test 1s diagrammaticaliy 11lustrated in Figure 54, A stress
of 264 psi 1s applied to a specimen measuring 5.0 in. long by 0.5 in. thick
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Figure 54, Diagram of HDT Test Apparatus
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hy 0.125 in. wide. A constant heat-up rate of 2°C per minute is
maintained. The large size of the specimen and the presence of the oil
bath were expected to minimize water loss during testing. This was
confirmed by post-test measurements which yielded weight 1osses less
than 10% of pre-test water weight-gain,

Measurements were made of temperature and specimen deflection for
various water weight-gains (W.G.) during this test and these data are
plotted to yield the type of plot shown in Figure 55. The curve is
analogous to those for V vs, T and E, vs. T. The point at which the
extrapolations of the linear portions of the two regions of the curve
intersact 1s taken as the Tg. The HOT procedure vielded Tg's identical
to those obtained using the TMA and DSC technigue for "dry" control
specimens. Individual HDT curves for the various environmental exposure
conditions are shown in Appendix /.,

¢. Results and Discussion

The effect of moisture on the Tg of this epoxy resin can be seen by
referring to the HDT curves in Appendix A. A dry, control Tg of
177°C (3E0°F) was determined. With increasing moisture absorption there
is a proportional shift in T_ to lower values. This behavior is
f1ustrated in Figure 56 for dry, 3% and 5.7% weight-gain specimens
after 160°F/100% RH exposures. Figure 57 shows curves for dry, 3.16%
and 4.32% weight-gain specimens after 180°F/75% RH exposures. The T
values from these HOT curves were plotted as a function of weight
percent water content for absorption at 100% RH (Figure 58) and 75% RH
(Figure 59). There is a gradual lowering of T_ until the equilibrium
moisture content associated with the particular humidity condition 1s
reached, whereupon there is no further lowering of the T_. This is
further evidence to support the contention that microcracking is
responsible for weight-gains greater than equilibrium values. If the
additional water were being physically absorbed there would have been

a further decrease in Tg.
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It is worthwhile to note that when measurements are being made of
T vs. water weight-gains, nouniform meisture distributions will be
present in the specimens until an equilibrium moisture content is
achieved. These nonuniformitics would influence the experinental results
in a manner dependent on the particular experimental technique being
employed. Therefore, to meaningfuily a-oly a juantitative ;elationship
such as that of Bueche and Kelley, it is important to have a uniform,
equilibrium distribution of moisture in the test specimens.

The T values for equilibrium moisture contents were combined to
produce a plot of Tg vs. equilibrium welght percent water (Figure 60).
As noted, when the condition of equilibrium distribution of diluent is
uchiesed, one can apply the Bueche-Kelley relatjonship (Equation 21) to
arrive at a theoretical prediction of the effect of absorbed moisture
on the Tg of the polymar. The theoretical curve, shown 1:- Figure 60 fur
; comparison with the experimental data points, was derived from the

' following parameters:

1 Gy = 3.78 X 1074)°¢

ag = 4 X 1073/°¢, Tg =

{ Pp ™ 1.28 g/cm3. oy * 1.0 g/cm3
{ The 75% RH and 100% RH data points for the effi:t of equilibrium
ﬁ moisture absorption on Tg are in accord with the Bieche Keilaoy relationship,

A plot of T_ vs. moisture weight-gain was also made for specimens
which had received a daily thermal-spike i: addition to exposure to
160°F and 100% RH (Figures 61 and 62). The belavior observed is quite
similar to that for the constant 160°F/100% condition. This {indicates
that the thermal-spike is not generating any effects on the T in
addition to those observed for the hunidity only condition. %he
exceptionally large weight-gains of these tests can be attributed to
microcracking as was previously discussed. The presence of microcracks
would not alter the T( of the resin but could influence the results
of the particular test method.

90

. ™~ e
A, DR AR gt o, o i i i e+ T W




USRI R TRP R SRS R

AFML-TR-76-153
1; 180 {DRY CONTROL
170
4,
; 160 |-
i 150
% THEORY
X 140 |- r
i £ 1aof
iy H 75 % RH
3
A A 00 % RH
| ¢ 110 o
k 00 |
| ¢
¥ 90 -
5
i
I 80
[{" 70 - | 1 1 - L ]
i 1.0 2.0 3.0 4.0 8.0 €.0 70
3 EQUILIBRIUM WEIGHT GAIN (%)
i

Figure 60, Tu vs. Equilibrium Weight-Gain

9




AFML-TR-76-14%1

0.0~

Q0
(o]
T

T

DRY
CONTROL

g

1

T

523% WG

T

3.19% WLG.

2 g
v

DEFLECTION (10%in.)
e T - JS C P G R NP
O C O 0O O 0O © 0 O G O ©o
1

i
2
b
/
L
z
!
<
N

| | ! | |

1
S ]
(e}

-

|

40 €0 80 100 120 {40 160 180 200
T(°C)

Figure 61, HDT Curves as a Function of Absorbed Moisture for
160°F/1004 RH/1 Dafly Thermal-Spike Exposure

{
]

92




aansodxy @u1ds-jousay; Ajieg

L/Hd %001/4.051 10} 94N3SI0W P3G40SGY JO LOLIDUNG 2 S® By -29 sanbiy

Gt A

o

(%) NIVO LHOI3M

06 08 0 09 0s 0% 4 0¢ 0¢ 0l
f i 1 ! 1 T T 1 T 0l

-1 00l

4011

93

(9e) OL

far)
[Fe)
v
L
~
1
[+ 4
—_
[
]
=
s ‘
T
&

te

3

| 28

=3

Mt - L Do w R e I I e e s RS

.9.—

‘-t

o ta I AR e e e T T~ = NN . e — e L=




dir-cny it a

e e .

e it Do

AFML-TR-76-153

The results of this phase of the investigation indicate that among
its possible deleterinus effects, water behaves as a classical plasticizer,
i.e., 1t lowers the T_ of the epoxy as a function ot the amount abscrbed.
This phenomenon would also manifest 1tself in other concurrent eff .
such as .welling (see discussion in diffusion section) and shifting the
E,. curves to lower temperatures (Figure 52) or, equivalently, to shorter
times §1nce the polymer is viscoelastic. Changes in Tg would also
result in changes in any other time-temperature dependent mechanical

'propert1es such as those determined in constant strain rate tensile

testing which will be discussed in the next section.

4, STRESS~-STRAIN STUDIES

This section will consider the stress-strain behavior of the resin
material under conventional constant strain-rate and dynamic conditions
as well as stresses which are induced as a result of moisture gradients,
combined moisture-temperature gradients, or further chemical reaction
in the resin.

a. Tensile Tests

The first series of tests performed were tensile moduli deter-
minations. These were done to determine the effect of absorbed moisture
on the stress-strain behavior of the matrix, Both constant scrain-rate
and dynamic mechanical measurements were made.

Constant strain-rate tests were performed using "dog-boned" tensile
specimens (Figure 63). Tests were run on a conventional Instron Test
Machine using a strain-rate of 0.C5 inches per minute.

[" TN _
el ™~

Figure 63. Constant Strain-Rate Tensile Test Coupon
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Tests were performed at RT, 200, 250, and 300°F with elongation being
measured with a 1-inch gage-length extensometer., The results of the

dry control tests are shown in Figure 64. Thera is a slight decrease in
modulus and a concurrent slight increase in elongation as the temperature
1s raised., The curves shown in Figure 65 were obtained after an
equilibrium weight-gain was achieved in a 100% RH environment. The
effect of moisture is extremely dramatic. At 300°F the moisture-
exposed polymer has become extremely ductile with an elongation of

over 20%. This compares to the dry polymer strain of 3.3% at 300°F.
This is classical behavior for a plasticized polymer as was shown in
Figure 52, The presence of a low molecular weight plasticizer reduces
the Tg and results in a softer, more ductile matrix at temperatures
lower than those of the dry polymer.

To further i1lustrate the plasticization phenomenon, stress
relaxation curves were prepared from the constant strain rate tensile
tests. Figure 66 shows the typical relaxation behavior at various
temperatures for the dry polymer. Figure 67 shows the relaxation
behavior at the same temperatures for wet (equilibrium weight-gain)
specimens. Using linear superpositioning (Reference 18), stress
relaxation master curves were prepared for both wet and dry tests as
shown 1n Figure 68. The dramatic plasticization effect of water is
clearly evident.” "Thé presence of "the plasticizer has shifted the
curves to smaller times,

Consider a reduced value of a response function at some temperature T
and also at a reference temperature To. The ratio of the time to attain
the specified value of the response at temperature T to the time
required at reference temperature To is the shift factor ar for any
given temperature T (Figure 69). Time and temperature (or equivalently,
plasticization) affect the viscoelastic response of the poiymer only
through the product of a; and actual time. The relationship
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Figure 64, Stress-Strain Behavior of Dry, Control Epoxy Specimens
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between the shift factor and temperature is given by the Williams-
Landel-Ferry (WLF) (Equation 31):
x('I'-'I‘,}

Log ap ® TRTET) (24)

whore C] and 02 are constants and Tr is a refaerence temperature specific
to a given polymer,

A shift factor, aT.‘for the displacement of the modulus curves to
Tower times due to plasticization by water was determined from the
master curves in Figure 68, A value of tan wes thus determined, which
means that the same response will be exhibited ten times faster by the
"wet" specimen than the "dry" specimen.

Dynamic mechanical measurements were performed on a Rheovibron
Dynamic Viscoelastometer. A film sample measuring approximately
9,125 in, x 2.0 in, x 0,008 1n. was subjected to an oscillating load
{11 cps) while being heated from -150 to +250°C at a constant heating
rate of 3°C per minute.

Dynamic (oscillatory) measurements give rise to dynamic moduli
which are complex numbers. [n this case, the complex modujus E* is
given by

AT A (24)

vhere E' and [" are the real (elastic or storage) and imaginary
(viscous or loss) parts respectively of the complex modulus, E¥*, The
machanical loss tangent, tan 6, is defined by the equation

tang » £ / B (25)

The importance of thece quantities 11es in the fact that tan §
reaches a maximum in the vicinity of a transition temperature where
fmportant physical changes are taking place 1n the resin. Thr real
modulus, E', is important rrom a drsign standpoint since 1t gives an
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indication of the temperature range where the material exhihits useful
Toad-bearing capability. 1In a region of a glass transition, the modulus
may change by as much as a factor of a hundred. In addition, the loss
modulus, E", maximizes in the same range as does tan &, Any plasticization

effects or other physical effects should be observable by following
-changes in these parameters.

The results vbtained on "dry" control samples are shown in
Figures 70 and 71 for the tan & and moduli, respectively. There is a
Tow temparature transition at -60°C and the T_ {is at 170°C. The low
temperature transition has been attributed (Reference 32) to motions of
glycidyl groups in the epoxy molecule. The presence of additional
hydrogen bonding or the occurrence of additional cure or reaction in the
plasticized state could shift this transition to higher temperatures.

Figures 72 and 73 show the tan ¢ and moduli data respectively for a
specimen that was exposed until 1t reached an equilibrium weight-gain at
160°F/100% RH and was then dried to zero weight loss in a vacuum oven
at 200°F, The maximum in the low temperature tan & value was shifted to
~30°C while the Tg was raised to about 180°C. There was also a slight
increase in the storage modulus. These results indicate that further
reaction (cure or cross-1inking) had taken place in the wet, plasticized
sample. The physical concept for this occurrence 1s as fcllows, The
Tg of a cross-linked epoxy 1s proportional to the degree of cross-11inking
which, in turn, 1s a function of cure temperature and time. Raising
the cure temperature provides the unreacted end groups with sufficient
mobi11ty for further reaction to take place resulting in additional
cross-11nking and, in turn, a higher Tg and storage modulus. In a
similar manner, the presence of water in the plasticized resin would
exert a solvent or dilution effect that cou'd provide sufficient

mobility to the end groups so that further cure or cross-linking could
take place at a lower temperature than the cure temperature.
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140,00 -100.00 -20.00 60,00 140,00 220,00
TEMFERATURE IN DEGREES CENT|GRADE

Figure 70. Tan & vs. Temperature for Dry, Control Sample

104

Y

\ @]

(&)




Crren A e AL w i AT M b

| AFML - TH-76-153

2'!.&’2

18.58

! " ——
t - ST
; - 8 \/

: [T

. ol 3N

15 ¢

F o

3 -d

I8

¥ ]

b -

i

16,50 9,00

2

3.5¢

"
P

8.

Ve d\w /\\ /

100,006 <100.00  -20.00 60,00 40,00 226.00 30U, 80
TENFERRTURE IN DEGREES CENTIGRRUE

LCGIE" "3

e.50

8.G3

: Figure 71, Storage Modulus (E') and Loss Modulus (E") vs,
3 Temperature for Dry, Control Sampla




AFML-TR-76-153

pataq u3y: pue uteg-3ybisk
aniagir)inbl 0] pasadxj umsizadS 4G Suniesadm@] "SA § ue}l

W

s Q.
" >'.:

309¥A1INID §33u538 1 v
6a°azz Cd gyl a4°cg ¢ o
» b

5

k’
"
‘-.-
o (T
07

8G-CCe

Ly

]
[}
L

w iV
1

~2f danbry

' ud
.

[ ]
(]
]
"
omt

|

N

00 cOI

(dl730) NHL

S0'0

‘-

c
—
o

106

ey MaAAL 4Tk

e e - ) ey

PR A R e

R e

MU S



AFM.-TR-76-153

—
/7

-,
b 2 e~
;v'l :
i g | \\\
i
‘!1 ~
i’ W
)i 4
N o O
8 &
&
5 -J
ki
b 8]
a
i

i
‘ i B,
| ili ni
N
i g
i Q-
il
i
i ot
H :u . [ {\,_ A/ »
4 e Y
0 th ~\‘\ \\
¥ Sj \._h\,/",a~< /
‘L g
i) 'y
&
i 8
? ™ LM ey 1 T A 1
180,00 100,00 -PU.O0 60,00 140,00 020,00 300,00
w VEMPERNMTURE IN DLOGRLES CENTIOKROE

FMgure 73, Storage Modulus (E') and Loss Modulus (E") vs. Temperature
for Specimen Exposed to Equilibrium Weight-Gain and
thon Dried

%"
"
““
‘, 107

t

, o YR EEEIELEE EREREARE R IR AL EAEREAERENERERTE




n . N e -

v e AU S 4 s

'd AFML-TR-76-153

b. N~ravr Infrared Studies

Additional evidence for this "further reaction concept" was obtained
through a study of the near infrared (IR) spectra of epoxy film samples.
The near IR region {0.6-2.5.) is particularly suitable for studying
epoxy films. in ithe canventioral IR region (2-15u) 1t 1s usually
necessary to employ elaborate preparation methods with very thin
(<0.5 mi1) films to get sufficient transmission of IR radiation to have
interpretable spectra. Othsrwise, it is necessary to use an internal
reflectance technique. In the near IR region one can use specimens
varying from 1 to 125 mils in thickness and get very usecable spectra.

The major absorption peak for a-epoxides is located at 2.2 and
- was first reported by Goddu and Delker (Reference 33). The applicahility
{ . of this peak, as well as other praks in the near IR region, to the study
| ? of epoxy resins was subsequently described by Dunnenberg (Reference 34).

A typical spectrum for an as-fahricated, control sample is shown
in Figure 74. The peaks of major {mportance are:

1.43u - OH

1.50u - NH

1.91p - OH (Water)
2.20u a- epoxide
2.43 - CH (Aromatic)

No attempt will be made to apply specific assignments to these absorptions,
They will be discussed in general terms as regards the chemical chanyges
taking place during the epoxy cure,.

Figure 75 shows several spectra for this epoxy as a function of
extent of cure. The peak associated with the epoxide functionality
, progressively decreases in intensity as the epoxide ring 1s attacked by
! the amine curing ayent, Simultaneously, because of the reaction oy the
Al
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300°F/UNDERVATER/1 HR.

CONTROL

1.5 2.0 2.5

WAVELENGTH (MICRONS)

Figure 74, Neer IR Spectra of Dry, Control Specimen and Aged
(300°F/Underwater/1 HR) Specimen
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curing agent, the ~NH absorption gradually decreases with increasing
extent of cure. The -OH generated by the epoxy ring opening (1.43y)
gradually increases with increasing degree of cure. Therefore, as
shown by the spectra, further cure 1s associated with: a decrease in
epoxide; an increase in -OH; and a decrease in =NH.

Alsc shown in Figure 74 is the spectrum of the same control samnle
after exposure to a 300°F/underwater environment for one hour. The
small epoxide peak has disappeared completely, the -OH peak (1,43y)
increased in intensity, and the -NH peak decreased slightly. Also
strikingly evident is the large pea't associated with water (1.91y),

It was observed during this study that the absorption at 1.91u is a
very useful indicator for following mofsture absorption and desorption
and therefore could be used quite easily as a quality assurance tool,
IR spectra were also taken over the conventional IR region (2-16u) for

both the control and exposed specimens with no detectable differences
befng found.

Although the spectra indicate that additional chemical reaction is
taking place, 1t {s not clear whether additional cure 1s taking place or
the epoxide 1s undergoing hydrolysis to a diol. Therefore, a series of
tosts were performed i1n which the rubbery modulus was measured on
control specimens and specimens exposed to the 300°F/underwater
environment for one hour,

It was found that the control specimens had an average rubbery
modulus of 2,400 psi while the 300°F/underwater exposed specimens had
an average rubbery modulus of 2,950 psi. This increase in rubbery
modulus can only occur as a result of increased cross-linking or further
cure,

This additional cure phenomenon can have several ramifications.
For one, it could alter the absorption-desorption process since the
diffusion medfum 1s changing. Secondly, it could lead to localized
regions of stress concentration where flaws could form and grow.
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This 1s betause most bonds are e’ dngated or stressed in & moisture-
temperature-stress environment. Any new bonds forming as a result of
additicual cure will be in a non-stressed, equilibrium conformation.

When the terperature is lowered, humidity reduced, and stress removed,
most 2f the bonds will resume their unstressed, equilibrium conformations
with the result that the newly formed bonds are now placed under stress.
Because of their Yow concentration, they will be prime sites for bond
breakage which could lead to microcracking.

¢. Environmentally Induced Stresses

In a category which might be labeled "environmentally induced
stresses" are those stresses generated by the absorption of water and
concurrent specimen swelling, The specimen's resistance to this
swelling leads to the development of compressive stresses. In the
diffusion process, a concentration gradient of moisture in the epaxy
plate exists in the manner shown in Figure 76 where To anu M represent
the initial (dry) and equilibrium moisture contents, respeccively. The
surface is at M_ while the core is nearly dry early in the diffusion
process, Therefore, compressive stresses {(~o) will be greatest at the
surface. These will be balanced by hiaxial tensile stresses (+a) in
the core of the material (Reference 35). For a constant temperature and
humidity exposure the moisture gradient and corresponding stress state
would have the appearance shown in Figure 76. 1nis condition will change
with time as the interior moisture concentration approaches M_.
Therefore, in the case of a constant humidity/temperature exposure there
will be a stress field associated with the moisture gradient and this
stress field will change as the moisture gradient changes.

For the case of the thermal-spike environment (Figure 8), the
moisture gradient will now be accompanied by a thermal gradient.
Because of this we will have to arrive at some net stress condition
resulting from the l1inear superposition of the stresses for each type
of gradient. For simplicity, 1t 1s assumed that each phenomenon is
acting independently, that thermal diffusion 1s of greater magnitude
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than moisture diffusion, and the magnitudes of the moisture-induced and
temperature-induced stresses are of the same order.

The different gradients, corresponding stress states, and net,
combined stress states are shown in Figure 76 for the thermal-spike/
humidity environment, As .an be seen, the specimen at room temperature
in the humidity only condition nas compressive stresses at the surface
and tensile stresses in the core. The thermal-spike then produces a
combined stress state wherein the surface compressive stresses are
reduced and the remaining stress field has the same profile but is of
different magnitude than the room temperature condition. The rapid
¢ool down to room temperature results in a large tensile stress localized
near the surface, balanced by a compressive stress through the center oV
the specimen. Therefore, the humidity/thermal-spike environment causes
the specimen to be cycled compression to tension, No attempt is made
here to place actual values on the stresses or to specify actual
gredients. The purpose is to point out that gradients do exist (both
moisture and thermal) and as a result corresponding stress states are
imposed on the specimen. Whether or not micrecracks could be formed
and propagated as a result of these stresses will depend on both the
magnitude of the stresses and number of times fmposed,

8. CREEP STUDIES
a. Background

The creep behavior of a polymeric material 1s studied by subjecting
a sample to a constant stress and recording the resultant time-dependent
strain over & given period of time, A typical creep curve for a cross-
1inked rubber is shown in Figure 77 (Reference 18). The creep behavior
of a viscoelastic polymeric material 1s very anatogous to its relaxation
bahavior which was 11lustrated with the relaxation modulus vs. temperature
plot shown in Figure 52,

Whon a cross-linked rubber {3 subjected to a Lensile stress, 1t will
progressively elongate until an equilibrium extension is reached.
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For the rubber to elongate it is necessary for the various polymer chains
between crass-links tu elongate by displacement of thetr segments

through a matrix of surruvunding chain segments., Therefore, each segment
will experience frictional retardation forces from other segments.
Because of this, the attainment of the equilibrium elongation is a time-
dependent phenomenon. However, ‘arious external forces can alter this
time dependency, Increastng the temperature will lower the retardation
forces and shorten the elongation time (Figure 77). Similarly, the
additfon of a plasticizer will allcw the elngation rate to be increased.
This type of time-temperature behavior typifies viscoelastic materials.

If the polymer is undergoing creep at a temperature above its T ,
the equilibrium elongution will ke reached at the so-called rubbery
plateau which was previously discussed. For a cross-linked system
such as the epoxy resin or a rubber, no further elongation should be
observed once the rubbery plateau is achieved because the load bearing
polymer chains between cross-1inks are ‘ully extended. Because of this
characteristic Lehavior of cross-Tinked systems during creep, this type
of test is capable of yielding considerable insight as to the mechanisms
of property loss,

Consider Toboisky's work (Reference 13) on chemical stress
relaxetion in cross-iinked rubber networks. Stres: relaxation tests
performed at temperatures where the material was in its rubbery state
showed that these rubbers exhibit a fairly rapid decay to zero stress at
constant extension (Figure 78), Since in priaciple, a cross-1inked
rubber network tn the rubbery region should snow 11ttle stress relaxation,
the behuvior was attributed to a chemicil runture of the cross-linked
network. Specifically, the chemical rupture was found to be due to the
attack of the polymer chains by molesular oxygen. A series of tests
were performed in both air and lrert atmospheres to 11lustrate this
phenomenon (Figure 79). Using this type of testing it was also possible
to demonstrate the effect of temperatuve on the chemical stress decay
as shown in Fiyure 80. In short, these types of tests such as creep
uxtension tests where one is operating in the rubbery region give
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Figure 79, Stress-Relaxation Behavior of a Cross-Linked Rubber
at 120°C in Afr and Purified Nitrogen (Reference 19)
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Figure 80, Stress-Rolaxation Behavior of a Cross-Linked Hubber
as a Function of Temperature (Reference 19)
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very meantpgful yechanistfc information. In the case of a cross-1linked
rublor whare o truly nemoaeneonus, infinite, cross-linked network is
pressnt, the continued elungation of a sample beyond 1ts rubbery
exterisinn can anly be due to chain scisston processes and vice versa,
1.e,, chain scission procasses will result in additional elongation
bevond that of the rubbery plateau.

These types of tests (creep or stress relaxation) can also yleld

information as to other possible faflure mechanisms. In the case of a
creep test, once the rubbery elongation is reached, in principle the
specimen should be capable of remaining 1n that condition indafinitely if

; no chain scission is taking place, However, because of the furmation

b and growth of microcracks, cavities, or other flaws or imperfections

‘ while in this stressed/elongated state, rupture takes place as a function
of time, and therefore, time-to-rupture becomes a very meaningful
parameter,

|
}
|

| Consider the rupture process 1tself. The first phase of the

rupture process involves the development of cracks which can be either
stress-induced or possibly pre-existent. A1l materials contain, or
develop under stress, inhomogeneities that give regions of stress
concentration. These regions of stress concentration are prime sites
for the formation of cracks or cavitias,

In considering the growth of a crack in a material which exhibits
Griffith flaw behavior the Griffith Crack Theory is employed. When the
stress near a crack tip reaches the cohesive strength of the material,
the crack will begin to propagate, quickly reaching a 1imiting velocity.
In tarms of the Griffith criterion, the crack will begin to grow when
the decrease in stored elastic energy resulting from an {increase in
crack length becomes equal to the surface energy, 1.e.,

1/2
12 v(%-m) . K (26)
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where, noo= Stress
« = Crack Length
£ = Tensile Modulus
vy = Surface Energy

kc = Fracture Toughness

It 1s generally found that & crack grows slowly, but at a progres-
sively increasing rute, until a constant, high velocity results
{Reference 36). However, in the case of a cross«linked rubber, the slow
growth phase may take place over a relatively long period of time and
the transition to high-speed growth which precedes rupture occurs very
rapidly (Reference 37). The fracture surface formed during slow growth
generally develops a fibrous structure near the crack tip (Reference 38)
s{milar to what was observed in the SEM studies discussed th a previous

section.

For the case of cross-linked rubbers, a semi-quantitative
relationship has been provided by the Buache-Halpin theory of rupture
(Referencus 39, 40). This theory assumes that the crack growth rate
during the slow growth phase is controlled by the viscoelastic response
of the material in the reglon of the crack tip. The crack 1n a spacimen
under a constant load (creep) grows at some constant rate until a
high~speed growth criterion 14 satisfied., The dependency of the rupture
process on the viscoelastic properties ot the material have been
{1lustrated as follows.

The effect of temperature on the rupture stress ap 45 a function of
the best temperature T minus the glass transition temperature Tg has
heen shown to produce the behavior {1lustrated in Figure 81 for several
different cross-1inked rubber systems (Reference 40). This type of
behavior i1lustrates that changes in T _ will produce changes in the
rupture stress, Oy Specifically, 1f we are testing the material above
] and the T_ were lowered by plasticization the result should be a
reduction of the rupture strass.
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Figure 81, Effect of Temperature on the Rupture Stress of Cross-
Linked Rubbers (Reference 40)
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Time effects have been illustrated by a series of tests in which a
specimen is subjected to constant load (creep) until rupture at time
t, takes place (Reference 40). Variations in load or test temperature
cause variations 1in tb as shown in Figure 82{a). Curves for various
temperatures exhibit & natural order, the higher the temperature the
lower the curve (Figure 82(a)). They can be superpositioned as previously
described for relaxation moduli by shifting «long the Jog t axis until
all poirts fall on a single continuous master curve as shown in
Figure 82(b). The shift required at each temperature is given by the
shift factor ay whicn was described in a previous section, Equivalence
of time and temperature on o), was first introduced by Bueche (Reference 41)
and Smith (Reference 42) and now is experimentally accepted. The important
obsarvations to be made from this plot are that the lower the applied
stress the longer the time-tu-break and the higher the temperature the
Tower the stress required for rupture. If the shift factor is applied to
the master curve as shown in Figure B3, to give the dot*ed curve, 1t
can be seen that for an equivalent stress level the time-to-break has
been reduced. This type of shift is what would be observed if the Tg
were lo%fred by plasticization as shown in Figure 52,

This type uf response can he intorporated into the Griffith
theory for creack gvowth, where the stress is related to the crack
length by

l(c SNV (27)

Typical behaviur for a material's critical stress as a function of crack
Yength 1{s shown in Figure 84, As the crack gets larger, the stress
required for spontenaous growth of the crack gets $Qwer. Combining the
Bueche-Halpin theory with the Griffith crack growth theory involves
consideration of the material's viscoelastic response in the vicinity of
the crack tip in relationship to 1ts crack gruwth behavior, Increasing
the test temperature, lowering the Tg at a fixed test temperature, or
increasing plasticizer ventent will result in a shift of the original o
vs ¢ curve (solid 1ine) to a new position (dotted line). As a result

of the viscoelastic behavior of the material, th- altered material is
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Figure 84, Hypothetical Critical Fracture Stress vs. Crack
Length Curves
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unable to store as much energy and therefore the critical stress for
Equivalently, the crack length

spontaneous crack growth is reduced,
necessary for an applied stress to initjate spontaneous crack growth

is decreased.

. This type of behavior was further demonstrated by Braden and Gent
1 (Reference 43) in a study of the formation and propagation of cracks ¢n
f the surface of stressed rubber specimens exbosed to ozone. Cracks did
not develop in unstressed specimens because of the apparent reaction of
ozone with rubber to form a protective surface film, However, when
applied tensile strains exceeded 5%, cracks formed on the surface and
grew perpendicular to the direction of the applied stress. Increased
stress or strain resulted in an increased number of cracks. This
implied that ozone attack and subsequent crack formation took place at
sites of high stress concentration. Braden and Gent showed that for a
crack to propagate in the presence of ozone, a minimum characteristic
stress must be exceeded. Therefore, at a given strain, the condition
for crack growth would be exceaded only for 2 certain fraction of flaw
sites, the number of such sites increasing with increased strain. This
was demonstrated using rubber stripe coated with a protective grease
film except for a given amount of exposed surface area. By measuring
the tensile stress required for appearanée of cracks, 1t was found
that the critical cracking stress increased as the size of the exposed
area decreased, These results imply that a distribution of flaw sizes
must exist and as the exposed area was reduced, the probability of
exposing critically sized flaws for a given applied stress was

correspondingly reduced.

s =

S

e
ST

e e
=S R

The critical stress required for cracks to form in surfaces of
different smoothnass was demonstrated by leaving an edge of a test
specimen exposed and measuring the critical stress required for crack
formation. Surfaces of different smoothness were prepared by testing
die~-cut specimens having variable length flaws and specimens whose
edges contained numerous small razor cuts. These results (Figure 85)
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Figure 85. Number of Cracks per cm vs, Aepl1ed Stress for
Rubbers Having Pre-Existent Flaws-(1) = RAZOR-~CUT,
(¢) = DIE-CUT (Referance 43)
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provide evidence for the view that all real materials contain hetero-
genaities which act as stress concentrators, thereby reducing the

strength of a bulk material,

At any point on a curve of o vs. ¢ there will rxist at Teast one
crack having a critical crack length relative to the applied stress.
Braden and Gent's work fnplies thac for the case of the shifted curve
thare will be a greater probability of the existence of at least one
crack having the critical length for growth because the formation and
growth of cracks has besn Yacilitated by the viscoelastic response of
the material, Similarly, the critical stress for crack growth to occur

has been reduced,

In relation to the creep test, the quantity of cracks formed should
be proportional to the applied stress and, in turn, the greater the
crack quantity the greater the probability of having cracks of sufficient
size for crack growth to take place, thereby resulting in decreased
time-to-break or lower rupture stresses. Alterations in the visco-
elastic propertins of the oolymer (e.g., plasticization or changes in
test temperature) should result in modifications of the time-to-rupture

and uracli growth process.

In summary, the creep test can give very meaningful information
as to the mechanisms of property losses. When the tests are performed
in the rubbary region, an examination of further extension or time-
to-fatlure can give a good Insight into the processes taking place.

b. Exparimental

The creep test performed in this study consisted of optically
measuring the eiongation as a function of time of an epoxy test specimen
in a given environment under a constant load, Test specimens were
"dog~boned", f{lm samples, approximately € mils thick, having the shape
shown in Figure 86, This shape was chosen to ensure failures in the
page section. The specimen was tabbed with 10 mi1 aluminum foil which
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had holes punched in the ends for mounting and weight attachment. An
anaernbic adhesive was used to bond the tabs to the specimens, Spring
steel clips were also used over the tabbing area to prevert spacimen
slippage. A special alignment Jig was used for lablbing the specimens to
ensure axial alignment of the holes and gage section, The gage length
was marked with tiducial marks consisting of horon filament bonded to the
spacimen with the apaerobic adhesive.

To study the elevated temperature behavior of the epoxy as a
function of moisture 1t 1s nacessary to choose the test conditions so
that the cross-linked epoxy is in its rubbery state where the behavior
of well-characterized, analogous systems such as the cross-linked
rubbers can be used for reference {the fact that cross-linked epoxies
exhibit mechanical behavior equivalent to cross-linked rubbers has
been well documented (Reference 44). Another requirement is Lhat the
test temperature be lower than the cure temparature in order to avoid
the comp11catiﬁg factor of additional cure, Further, it would be
desirable that the test temperuture be ruasonably close to the use
temperature of the material. A1l of these requirements are satlsfiad by
the chosen test temperature of 300°F.

In the presence of muisture the effective Tq of the plasticized
system 1s bolow 300°F (Figure 60} which satisfies the above requirement,
Huwever, since the boiling point of water s 212°F, 1t Is necessery to
perform the test in a bomb (ucder pressure). Parforming the test in a
bomb ensurec thut steady stats conditions are present so that the results
of the test are not diffusion-controlled. A bomb wac designed and built
to achieve these test condit!nns (Figure 87). It consisted of a thick-
wall pyres glasy tube specimen chamber and stainless-steel end caps
having O-ring seals, Metal tie-rods were used to prevent the steam
pressure from forcinag off the end caps. One end cap was fitted with
pressure fittings for evacaating the chamber and passing through inert
tases, ‘he use of the glass tubing alluwed the ustrain measurements tu be

made optically,

13




AFML-TR-76-153

i

o

-

Croep Test Apparatus Yountéd in an Oven

P

7
.

Figure &

132

Y

T b o e~ LT

- MR by Ty ke b YT SR e e e D ¢ T




4
4 AFML-TR-76~153

; The whole test set-up was mounted in a furnace for testing at
300°F (Figure 87). After adding double distilled water, the chamber
was evacuatad and purged with nitrogen three times. The test was
performed at 300"F using a calhetometer to monitor movement of the
boron fiducial marks as a function of time. The ultimate stress, Oy

‘ used 1n guiding the tests (1400 psi) was taken from the values found in
| the constant strain rate tensile tests performed at 300°F after
aquitibrium expusure at 160°F/100% RH.

S .

Because of a s1ight temperature gradient in the test furnance, the
upper part of the test chamber was at a slightly higher temperature
than the 300°F temperature maintained just below the surface of the
: water, Therefore, there wus a lower moisture concentration at substantial
| V distances above the water's surface than at and below the surface. This
i ¥ exparimental condition was used as a means for testing specimens at two

e

Lot

' different moisture absorption contents. As previously discussed, the

g amount of moisture absorbed s directly proportional to the relative
humidity or moisture concentration, therefore, performing the creep test
underwater and substantially above the water would correspond to testing
specimens of two differant moisture contents, The underwater test was &
"worst" condition that achieved maximum moisture content and s defined
herein as saturation. The above water test achieved a lTower moisture
content, defined as less than saturation.

g Sk

-

L

¢. Resulls and Discussion

The resulits of the creep tests parformed underwater at 300°F are
shown in Figure 88 where paorcent elonuation {8 plotted vs. log time for
stressay of 10, 20, 25, 30, and 50% of ultimate. With increasing stress
there 1s a proportionate increase in elongation and decreased time-to-
break. The shapas of the curves are quite similar to the cruep curves
and relaxation modulus curves previously presented. Within about
30 minutes all of the spacimens had passed through the transition region
and had reached the rubbery plateaau,
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; Figure BB, Elongation vs. Time for Bomb Cracp Tests at 300°F and
: Underwater (Saturation)
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A plot (Figure 89) was prepared of log stress and Toy elongation
ve., log time-to-break in the rubbery region. As can be seen, linear
relationships were oblained for both stress and strain, [his agrees
with the results of Bueche (Reference 41) and Bartenev (Reference 45),
Polarized-11ght photomicrographs (20x) were taken after each creep test
and these are shown in Figures 90-92. For reference, Figure 93 shows

K polarized-1ight photomicrographs of an as-fabricated dry control

v : specimen and a dry contro) specimen which had been subjected to a creep
test in a dry nitrogen environment under a 50% of ultimate stress for one
'ﬁ week, Figure 94 shows the elongation vs., time for this specimen,

: Several intaresting observations can be made from the photographs of the
saturated, underwater exposed spacimens. The quantity of cracks appears
b to be greater for the higher stress level specimens. However, the most
striking observation 1s that the crack size appears to increase with
increased exposure time or time-to-break., The cracks grow perpendicular
& to the direction of applied stress. The photomicrographs for the 10%

of ultimate specimen shows the unusual feature of wicrocracks growing

3, across the width of the specimen in a manner that would obviously lead
fivg, to rupture.

S T

N Another series of 300°F creep tests were performed in the bomb at

%{ a height of eight inches above the water level. This was done to

%{ achieve another moisture concentration although it was impossible to

Y experimentally measure it. The effect of this lower moisture concen-
%‘ tration (<saturation) condition can be seen in Figure 95 where percent
ﬁt elongation 1s plotted as a function of log time. Compared with the

i underwater, saturation results, the lower moisture concentration

ﬁ? (~saturation) exposure ylelded lower strains and increased exposure

ﬁ% times at equivalent stress levels. Based on the results of the ditfusion
&L and T_ studies it is to be expected that lower moisture contents would
ﬂ result in less plasticization and, in turn, a smaller decrease in Tg.
51 Figures 96 and 97 show polarized-11ght photomicrographs for stress

Tevels of 10, 30, and 50% of ultimate, A gradual increase in crack
density with increasing stress {s evident, The crack size appears
to be larger for the longer-term exposures.
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20% OF ULTIMATE

Figure 90, Polarized-Light Photomicrographs (20X) of 300°F/Underwater
(Saturation) Creep Test Specimens
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30% OF ULTIMATE

Figure 91. Polarized-Light Photomicrographs (20X) of 300°F/Underwater

(Saturation) Creep Test Specimens
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50% OF ULTIMATE

\} o v
| K Figure 92. Polarized«Light Photomicrographs (20X) of 300°F/Underwater
- (Saturation) Creep Test Specimen
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- AS-FABRICATED
50% OF ULTIMATE/DRY N2/1 WEEK
, Figure 93. Polarized-lLight Photomicrographs (20X) of Dry, Control
; Specimens
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Figure 94, Elongation vs. Time for Bomb Creep Test in Dry Nitragen
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10% OF ULTIMATE

30% OF ULTIMATE

' it Figure 96, Polarized-Light Photomicrographs (20X} of 300°F Above
: B Water (-Suwuration) Creep Tesl Spacimens
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Figura 97, Polarized-Light Photomicrographs (20X) of 300°F Above
Water (<Saturation) Creep Test Specimen
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The dramatic effect of increased moisture concentration exposures
can be seen by comparing the underwater exposure photomicrographs with
those of the lower mofsture concentration exposure. In particular,
comparison of the different moisture levels for the 10% of ultimate
stress Yevel shows the striking effect of moisture concentration on
crack density and size. Both of these tests were for nearly equivalent
exposure times with the saturated, underwater specimens (five-day
exposure) rupturing and the above water, less than saturation specimens
(six-day exposure) being removed without experiencing failure.

In another series of creep tests, sprcimens were tested underwater
at 200°F., The elongation as a function of time for stresses of 10 and
30% of ulttmate are shown in Figure 98. Because of this low temperature,
decreased elongations and increased exposure times were observed
relative to the 300°F test for equivalent stress levels. In this case
the tests were terminated after five days exposure with no failures.

The polarized-1ight photomicrographs (Figure 99), as well as the
equivalent exposure times, show that there 15 little observable
difference at various strass levele at these test conditions. The
dramatic effect of temperature can be seen by comparing photomicrographs
of the 300F tests with these of the 200"F tests,

An attempt was made using ESCA (electron spectroscopy for chemical
analysis) to detect any localized chemical reactions that may be taking
place on the surface of the specimens. This analysis was performed on an
AEl ES-100 X-ray photoelectron spectrometer; a technique which involves
the interaction of impinging photons with the bound electrons of a
sample. Cifferent atoms have characteristic alectron binding energies
which will vary in a distinctive fashiun as the atom's environment varies.

This technique was applied to two different epoxy samples to
determine if changes of chemistry occurring on the surface could be
detected. One sample was a dry control while the other had been
subjected to 160°F/100% RH plus one daily thermal-spike until a weight-
gain of 7.5% had been attained,
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| h 30% OF ULTIMATE

: : Flgure 99, Polarized-Light Photomicrographs (20X) of 200"F/Underwater
Crrep Taest Spacimens
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Table 5 summarizes the qualitative and quantitative information
extracted from the "overall” ESCA spectrum of the two samples. As
would be expected, the major elements found were carbon, oxygen,
nitrogen, and sulfur. The concentrations shown are based on carbon as
a reference. The most notable change in the aged vs. control was an
increase in oxygen. This could be speculated as being due in part to
the absorbed mnisture,

Table 6 summarizes the carbon, sulfur, nitrogen, and oxygen spectra,
In examining each element, different peaks were obtained as a function
of the differaent oxidation states present. The quantitative results
presented are based on percent of main elemant. In general, as an
elenent becomes associated with more electronegative elements (e.g.,
increased oxidation of carbon), the binding energy increases
(Reference 46). The most striking observation is the increased quantity
of "oxidized" nitrogen in the aged specimen vs. the control, This could
conceivably be the result of some localized chemical reaction such as
hydrolysis which could lead to localized chain scission,

Based on previous work with the analogous polymer systems of
cross-1inked rubbers, the mechanism by which moisture degrades the
eiovated temperature properties of the epoxy resin system can be
postulated,

Since there is no further elongation once the rubbery plateau is
reached, chemical chain scission of any substantial magnitude can be
eliminated (although very localized chemical chain scission in such
areas a3 crack tips cannot be ruled out). Experimental rasults indicate
that the failure processes can be described by the Buache-Halpin theory
for rupture of cross-linked rubbers. The times-to-rupture are
proportional to the stress, plasticizer content, and test temperature;
the quantity of cracks are time-temperature-stress dependent; and the
crack growth 1s time-temperature dependent, Thus, the rupture process
(fracture-times and crack growth) are governed by the viscoelaslic
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TABLE 6

CHEMICAL ESCA RESULTS ON DRY AND

—

AGED EPOXY SAMPLES

A

PEAK BINDING CONCENTRATION
PEAK OEN'IFICATION ENERGY (ev) {% OF MAIN ELEMENT)
DRY AGED
SARBON 1§
a. C-C, CH 285.0 100 100
b, C-OH, ¢0 286.6 39 3
L0
c. €. . 288.9 5.8 10.0
UXYGEN 15 529.4 100 100
SULEUR 2p
H
3 R-5-R 162.8 26 2.7
H
0
b. R-S-R 164.7 100
[
0
MITROGEN 1s
o RN 402.9 100 100
b. R3No‘ 404.3 18.6 a
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behavior of the material. This is clearly evident from the effect of
different plasticizer content (i.e., different T,
on the rupture behavior of the material. '

}'s) and temperature

Hence, as determined in this study one significant mechanism for
the loss of elevated temperature properties in a moisture environment
1s the formation and growth of cracks 1n the material. This process is
governed by.the combined effect of stress, temperature, and moisture,
Moisture changes the viscoelastic properties of the polymer so that
stress-induced formation and growth of microcracks is facilitated.
Further, it could be speculated that the crack growth process 1s aided
by localized chemical chain scission at the crack tip.
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SECTION V
CONCLUSIONS

The objective of this research program was to determine the
mechanisms . which epoxy resins, utilized in high performance composites
and adhesives, exhibit losses of *heir elevated temperature properties as
b a result of exposure to a humid environment., Studies were conducted
relative to the absorption and diffusion processes 'nvnlved and these
g were followed by investiyations of the mechanical behavior i the epoxy
i resin as a funct'on of absorbed moisture for various environmental
; exposures, A variety of experimental techniques were utilized - constant
Q strain rate and dynamic tensile measurements, infrared spectroscory, heat
& distortion tests, bomb creep tests, scanning electron microscopy,

b polarized-11ight photomicroscopy, and ESCA.

v The results of this work confirmed for this specitic resin system
£ that:

1. Moisture absorption ard transmissior can be treated according
to Fick's Second Law.

2. Thermal spikes (rapid thermal excursions to high temperatures)
accelerate moisture pivk-up.

. Moisture plasticizes the epoxy rewin causing a lowering uf the
Tg which in turn affects mechanical response such as by shifting the
relaxation moduli to shorter times.

But more significantly, this work establishet the following which
heretofore had not been ohserved:

“+

i. Moisture concentration gruadients will induce significant stress
gradients within a polymer.

2, Thermal-gpikes contribute to microcracking in the resin,
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3. When the "wet" Tg of the resin drops below the thermal-spike
temperature, there is a substantial increase in moisture pick-up,

4. MWelght-gains greater than equilibrium absorption levels are due
to microcracking in the resin which results in an increase in moisture
pick-up.

5. The Towering of a resin's T_ as a consequence of moisture
plasticization can ba explained in terms of free volume theory and can
be quantified in terms of existing free volume theory relationships.

6. Near infrared spectroscopy can be used to determine the degree
of cross~1inking in an epoxy resin and the amount of moisture it has
absorbed. It shows that the epoxy as-fabricated is not completely
curaed and undergoes further cross-1inking in the swollen, wet state
at alevaved tamperatures - a process which can lead to localized regions
of high stress concentrations which in turn can lead to microcracking.,

7. Creep studies showad that one mechanism for the loss of
elevated temperature properties is the formation and yrowth of cracks,
The failure process can be described by the Bueche-Halpin theory for
rupture of cross-linked rubbers. The process is governed by the related
offacts of moisture, temperature, and stress. Moisture chénges the
viscoelastic response of the material so0 that stress-induced crack
formation and growth is facilitated.

8. It can be inferred from the creep studies that no significant
chemically-induced chain scission 1s taking place, however, this does
not completely rule out very localized chemical scission at such areas
ay the crack tips.

A< a result f this investigation the following facts have been
substantiated:

1. Cpoxy-based structures wili absorb moisture from high humidity
environments and this absorption process (rates, amounts, tines, and
distribution) can be predicted using appropriate solutions to Fick's
Law.
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2. The use temperatures of epoxy composites and adhesives will be
governed by the "wet" Tg of the epoxy matrix material.

3. A minimum Tg can be defined based on the equilibrium value of
moisture absorption. This will be specific to a particular epoxy
resin system. This observation does not preclude the fact that the
epoxy sample may pick-up motsture beyond the equilibrium amount.

This can happen, but 1t will be the result of moisture entrappment
during microcracking, a phenomenon that would have less effect on the
so-called static properties such as tensile modulus, but would signifi-
cantly influonce dynamic properties such as fatigue resistance, This
work points out the necessity for further investigations in this area.
In particular, the area of structure "1{ft-cycle" needs to be
addressed.

4, Near infrared spectroscopy would serve as a highly effective
quality assurance tool, capable of determining the degree of cure or
cross-1inking and detecting the amount of water in precuirsor materials,

5. Internal stresses can exist in a polymer structure as a result
of moisture gradients. '

6. The heat-up rates and temperature extremes of any thermal
excursion (thermal-spike) should be taken into consideration in a
structural design in such a manner as to preclude the occurrence of
significant microcracking in the structure.

7. lIrreversible chemically-induced chain scission processes
resulting from moisture/temperature exposures should be of no major
concern with epoxy-based structures.

8. Tne effect of absorbed moisture on the formation and growth
of microcracks at elevated temperatures should be investigated for
composites and adhesives. Those processes most sensitive to the
presence of cracks, such as fatigue, must be eveluated. In particular,
the structure's fatigua behavior at temperature in a "wet" condition
should be charactertfzed. These results should relate directly to the
viscoelastic properties of a reinforced resin matrix material,
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9. Further studies in this area must bhe undertaken to account tor
the effects of other environmental variables such os oxidative
atmospheres, fluids, and lubricants.

10, Finally, it must be pointed out that this study concerned itself
with one particular resin formulation and it can be reasonably antici-
pated that other factors such as changes in resin chemistry or
modifications of viscoelastic properties will influence any given
resin's response to humidity and temperature exposures,
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APPENDIX

HOT CURVES
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